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A s educators, we have worked to improve astronomy and overall science educa¬ 
tion for many years. We have years of in-depth experience in both writing and 
teaching science, and we have worked with hundreds of fellow educators and 
students in moving toward a more accessible, meaningful, and far-reaching under¬ 
standing of astronomy and science as a whole. Critical to that movement has been 
the recognition of a shift in the needs of astronomy educators and learners—a shift 
toward broad ideas, core concept reinforcement, and interactions that teach the 
student to think like a scientist. 

In developing Investigating Astronomy: A Conceptual View of the Universe , we have 
engaged the help of our colleagues in the field through reviews, focus groups, and in¬ 
formal conversations to determine not only which concepts should be taught (breadth), 
but in how much depth they should be explained (depth). We’ve asked introductory 
astronomy instructors about the reasons current textbooks do not meet their needs. The 
results were clear: Instructors felt current textbooks held too much information, did not 
properly address students’ conceptual issues in dealing with math, and did not impart the 
basic tenets of scientific investigations. 

This feedback, acquired through nearly five years of conversations, workshops, and 
reviews, have led to a textbook with the following unique aspects: 

• Careful selection of topics, overall reduction in depth: This book contains 
15 chapters, to more closely match the typical one-semester astronomy course. 
While an instructor comparing the concepts in Slater/Freedman with any other 
text will find the same core concepts that are covered in most introductory 
astronomy courses, we have limited the coverage of higher-level topics. Also, 
this textbook has far fewer bold-faced words than found in most textbooks 
and we purposefully strive to describe and explain the universe in the 
most common terms possible. As such, our strategy is not simply to tell 
students long lists of names and facts about the universe, but to purposefully 
engage students in a conversation about how astronomers study and 
decipher the universe’s underlying fundamental processes. As such, 

Investigating Astronomy helps students to build their own understanding 
of astronomy. 

• A Conceptual Approach to Comparative Planetology: Emphasizing how the 
formation of the solar system relates to the composition of the planets, 
the solar system as a whole is introduced in chapter four, including planetary 
orbits and physical composition. The fundamental concepts of Earth science 
are presented in chapter five, laying the groundwork for studying the entire 
solar system. Chapter six covers the terrestrial planets, not planet by planet, 
but by focusing on the processes that shaped them and how astronomers have 
discerned these processes. Chapter seven applies the same approach to the 
specifics of the giant planets of our solar system. Students are asked 
to understand the logic behind what we know scientifically, and not just 
memorize facts. The result is a cumulative and contextual understanding. 

• Building Mental Models: We have constructed this textbook using mental 
models. For example, when we introduce the nature of stars and galaxies to 
students, we emphasize observational data and inference before listing facts 
and formulae. In the same way, when we talk about evolution of stars and 
galaxies, we focus on what we see rather than what things are called. 

• Conceptual approach to quantitative topics: We have largely removed arithmetic 
calculations in favor of more effective use of mathematical reasoning. Instead 


XV 


of a stream of formulas and equations, numbers are used to show 
relationships and comparisons as concepts are explained and evaluated. 

• Scientific process as an obvious theme: We focus on the continuing process of 
scientific discovery, on how astronomers know what they know and how they 
embark on future discoveries. 

In constructing Investigating Astronomy we’ve taken advantage of the longstanding 
strengths of the more comprehensive Universe book, now in its 9 th edition. We’ve en¬ 
hanced the text’s writing and pedagogical approach by building on the newest results of 
modern cognitive science on how students learn best. 

• Immediate assessment and application of concepts allow students to go beyond 
passive reading. 

• ConceptChecks: Our experience teaching thousands of students has 
shown us that continuous feedback and conceptual reinforcement are 
necessary to create comprehensive and lasting understanding. Included 
at the end of each section, these thought-provoking questions go 
beyond reading comprehension, often asking students to draw conclusions 
informed by but not explicitly mentioned in the text, calling for applied 
thinking and synthesis of concepts. Answers are provided at the back 
of the text. 


(ConceptCheck 4-5:) If planets reflect the Suns light rather than 
emitting light of their own, how can spectroscopy reveal information 
about a planets atmosphere? 


( ConceptCheck 6-7:) What is the primary implication of Mars 
having plates that are significantly thicker than those of Earth or Venus? 


• CalculationChecks: Similar to ConceptChecks and focusing on 

mathematics, these give students the opportunity to test themselves by 
solving different mathematical problems associated with the chapter 
concepts. They appear only within sections where relevant mathematical 
reasoning is presented. 

Answers are provided at the back of the text. 


(CakulationCheck 3-1:) If Aristarchus had estimated the Sun to 
be 100 times farther from Earth than the Moon, how large would he 
have estimated the Sun to be? 


• Visual Literacy Tasks: At the end of each chapter, students are presented 
with a figure and a question that they must defend or refute. Writing 
space is provided to underscore the value of writing to learning. Prompt 
questions are supplied to help students determine their answers. Specific 
answers are not provided in the text. 













Kepler's Laws 



prompt: What would you tell a fellow student who said, “Planets 
move fastest when farthest from the Sun because there is more 
gravity at great distances.” 

ENTER RESPONSE: 


Guiding Questions: 

1. Planets move about our Sun 

a. fastest when farthest from our Sun. 


b. fastest when closest to our Sun. 

c. at the same speed no matter their distance. 

d. slower for relatively smaller orbits. 

2. The gravitational attraction between an orbiting planet and our 
Sun is greatest for 

a. longer distances. 

b. shorter distances. 

c. the more rapidly spinning planets. 

d. planets with the thickest atmospheres. 

3. For a given amount of time, a line drawn between a planet and 
the Sun will sweep out 

a. the same size area regardless of distance. 

b. a greater area when close to the Sun. 

c. a smaller area when close to the Sun. 

d. an area that always covers the ellipse’s second focus point. 

4. With an average distance of about 150 million kilometers (93 
million miles), the difference between the Earth’s closest ap¬ 
proach and most distant positions in its elliptical orbit about 
the Sun is roughly 

a. 5 kilometers (4 miles). 

b. 5 million kilometers (4 million miles). 

c. 50 million kilometers (40 million miles). 

d. 500 million kilometers (400 million miles). 


• In-text boxes key into student misconceptions and link the material to 

everyday life. 

• Cosmic Connections: Full page illustrations summarize key concepts. 

• Cautions—Confronting misconceptions: Special Caution paragraphs alert 
the reader to conceptual pitfalls. 

• Analogies—Bringing astronomy down to Earth: Analogy paragraphs relate 
new ideas to more familiar experiences on Earth. 

• Tools of the Astronomer’s Trade: Worked examples follow a logical sequence 
of steps called S.T.A.R.: Assess the Situation, select the Tools, find the Answer, 
and Review the answer and explore its significance. 

• The Heavens on Earth: Astronomical concepts are brought down to Earth. 

• Looking Deeper Icon: These icons indicate topics covered in more depth on the 
Web site. See www.whfreeman.com/slater. 

• Chapter opening and closing features are study aids. 

• Key Ideas: Found at the start of each chapter, students can get the most benefit 
from these brief chapter summaries by using them in conjunction with the 
notes they take while reading. 

• Key Ideas and Terms: Each chapter closes with a bulleted outline of topics, 
including embedded key terms to reinforce their context. 

• Chapter Review and Web Chat Questions, and Collaborative Exercises offer 
additional opportunities for students to apply the material, both on their 
own or collaboratively. 

• Observing Questions for use with the Starry Night College™ planetarium 
software: Written by Marcel Bergman, T. Alan Clark and William J. F. Wilson, 
University of Calgary. 












Lunar Phases 

The animation shows how the Moon orbits 
around the Earth, and the amount of time that 
it takes is shown by the “day counter” at the 
bottom of the animation frame. The Moon 
is shown in various positions throughout its 
orbit. The appearance of the Moon as seen 
from Earth is shown in the upper right along 
with the name of the phase. Of course, the 
Moon really isn’t as close to the Earth as 
shown in this animation. The Moon’s distance 
form Earth is roughly 30 Earth diameters, or 
approximately 384,000 km. 

Question 4: Roughly how long does it take the 
Moon to complete one full cycle of phases? 

O 1 day 
O 1 week 
O 1 month 
O 1 year 


Investigating Astronomy was designed to support a wide variety of teaching styles and 
course environments. A variety of multimedia and supplemental materials provide an 
array of choices for students and instructors in their use of these materials, which were 
created based on input and contributions from a large number of faculty. 

Premium Multimedia Resources 

Interactive Tutorials 

Developed by prominent astronomy education researchers, the Interactive Tutorials pres¬ 
ent astronomy topics in a flexible multimedia environment. They take advantage of the 
best means to illustrate each topic, using a blend of text, review questions, animations, 

video, and quizzing to produce a thorough under¬ 
standing that students can carry with them. The tu¬ 
torial topics were chosen after careful analysis of the 
most commonly taught subjects, with particular em¬ 
phasis on which topics were most often misunder¬ 
stood by students. The tutorials have been shown 
to increase student understanding and produce a 
meaningful, memorable learning experience. 

Electronic Versions 

Investigating Astronomy is offered in two electronic 
versions. One is an interactive eBook, and the other is 
a PDF-based eBook from CourseSmart. These options 
are provided to offer students and instructors flexibility 
in their use of course materials. 

Interactive eBook 

The Interactive eBook is a complete online version of the textbook with easy access 
to rich multimedia resources that support a complete student understanding. All text, 
graphics, tables, boxes, and end-of-chapter resources are included in the eBook, and 
the eBook provides instructors and students with powerful functionality to tailor their 
course resources to fit their needs. 

• A page-to-page correlation between the online and printed versions, allowing 
seamless usage by students. Each eBook page corresponds to a specific 
print-text page. 

• Quick, intuitive navigation to any section or subsection 

• Full text search, including the glossary and index 

• Sticky-note feature allows users to place notes anywhere on the screen, and to 
choose the note color for easy categorization. 

• “Top-note” feature allows users to place a prominent note at the top of the page 
to provide a more significant alert or reminder. 

• Text highlighting, down to the level of individual phrases, in a variety of colors 

• All instructor notes and highlights are delivered to their students’ eBooks. 

• Note subscription capability offers users the opportunity to incorporate another 

user’s notes, particularly helpful if instructors or course coordinators prefer 
to align their notes. 


[Notes/Highlighting] 



Instructor customizations can be saved from semester to semester. 








Additional features for instructors 


• Custom chapter selection: Instructors can customize the eBook to fit their syllabus 
by choosing only the chapters they’d like to cover; their students will then log 

in to this customized version of the eBook. 

• Custom content: Instructors’ notes can include text, Web links, images, and other 
materials, allowing instructors to place any content they choose within the 
textbook. 

CourseSmart eBook 

The Investigating Astronomy CourseSmart eBook offers the complete text in an easy-to- 
use, flexible format. Students can choose either to view the CourseSmart eBook online 
or download it to their computer or portable media player, such as an iPhone. To help 
students study and to mirror the experience of a printed textbook, CourseSmart eBooks 
feature note taking, highlighting, and bookmarking features. 

Online Learning Options 

Investigating Astronomy supports instructors with a variety of online learning prefer¬ 
ences. Its rich array of resources and platforms provides solutions according to each 
instructor’s teaching method. Students can also access the resources through the Com¬ 
panion Web Site. 

WebAssign Premium: Trusted Homework Management, 

Enhanced Learning Tools 

For instructors interested in online homework management, WebAssign Premium fea¬ 
tures a time-tested, secure online environment already used by millions of students 
worldwide. Featuring algorithmic problem-generation and supported by a wealth of as¬ 
tronomy-specific learning tools, WebAssign Premium for Investigating Astronomy pres¬ 
ents instructors with a powerful assignment manager and study environment. WebAssign 
Premium provides the following resources: 

• Algorithmically generated problems: Students receive homework problems 
containing unique values for computation, encouraging them to work out the 
problems on their own. 

• Complete access to the interactive eBook, from a live table of contents, as well as 
from relevant problem statements. 

• Links to Tutorials, eBook sections, animations, videos, and other interactive tools 
as hints and feedback to ensure a clearer understanding of the problems and the 
concepts they reinforce. 

• Innovative ImageActive questions, which allow students to directly interact with 
figures to answer questions. These problems are most often critical thinking 
questions, which ask the student to make connections across concepts and apply 
their knowledge. 


AstroPortal: Ease of use for instructors, success for students 

AstroPortal can be used in introductory courses as a student-driven compilation of study 
aids or a complete course management system, and anything in between. 

• Personalized Study Plan: Study > Assess > Review Targeted Concepts > Improve: 

This powerful study engine helps students improve their understanding by 
identifying areas where they need the most help, then delivering study aids to help 
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them succeed. Students first take a quiz keyed to core concepts within a chapter 
of the text. The results of the quiz generate a detailed study plan showing students 
the areas where they need to focus their attention. The study plan also presents 
animations, eBook sections, videos, and other resources tied to the concepts in 
need of further study. Instructors can also access the results to determine student 
progress and adjust their lecture and other activities accordingly. The personalized 
study plan quizzes have been pre-made for each chapter of the text; instructors can 
edit the questions, assign the quizzes, and associate student activity with a grade. 

• Interactive eBook: The online version of Investigating Astromomy , described 

in detail above, is included within AstroPortal and combines the text, all existing 
student media resources, and additional study features including highlighting, 
bookmarking, note-taking, Google-style searching, in-text glossary definitions 
of terms and outlinks to Google. 

• Assignments for Online Quizzing, Homework, and Self-Study: Instructors can 
create and assign automatically-graded homework and quizzes from the complete 
test bank, which is pre-loaded in AstroPortal. All quiz results feed directly into the 
instructor’s gradebook. 

• Scientific American Newsfeed: In order to demonstrate the continued process 

of science and the exciting new developments in the field, the Scientific American 
Newsfeed delivers regularly updated material from the well-known magazine. 
Articles, podcasts, news briefs, and videos on subjects related to introductory 
geoscience are selected for inclusion by Scientific Americans editors. The Newsfeed 
provides several updates per week, and instructors can archive or assign the content 
they find most valuable. 

Student Companion Web Site 

The Investigating Astronomy Book Companion Web site, accessed through www.whfree- 
man.com/slater provides a range of tools for student self-study and review. They include: 

• Interactive Tutorials, which provide multimedia-based learning experiences on the 
core concepts in the course. 

• Online Self-Study Quizzes, offering randomized questions and answers with instant 
feedback referring to specific sections in the text, to help students study, review, and 
prepare for exams. Instructors can access results through an online database or they 
can have them e-mailed directly to their accounts. 

• Animations of key figures 

• NASA videos of important processes and phenomena 

• Vocabulary and concept-review flashcards 

• Interactive Drag and Drop Exercises based on text illustrations help students grasp 
the vocabulary in context 

Starry Night College" 

Starry Night College™ is a brilliantly realistic planetarium software package. It is de¬ 
signed for easy use by anyone with an interest in the night sky, and particularly college 
students. See the sky from anywhere on Earth or lift off and visit any solar system body or 
any location up to 20,000 light years away. View 2,500,000 stars along with more than 
170 deep-space objects like galaxies, star clusters, and nebulae. You can travel 15,000 
years in time, check out the view from the International Space Station, and see planets 
up close from any one of their moons. Included are stunning OpenGL graphics. You can 
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also print handy star charts to explore outside. This version of Starry Night College™ 
also contains student exercises specific to the Freeman version for use with Investigating 
Astronomy. Starry Night College™ is available via online download using an access code 
packaged with the text at no extra charge upon instructor request. 


Observing Projects Using 
Starry Night College" 

ISBN: 1-4292-7806-4, Marcel Bergman, 
T. Alan Clark, and William J. F. 
Wilson, University of Calgary. 
Available for packaging with the text, 
and compatible with both PC and 
Mac, this book contains a variety of 
comprehensive lab activities for Starry 
Night College. 

Instructor's 
Resource CD-ROM 

ISBN: 1-4292-8237-1 To help in- 
structors create lecture presentations, 
course Web sites, and other resources, 
this CD-ROM contains the following 
resources: 

• All images from the text 

• Lecture PowerPoints and clicker 
questions 



• Test Bank 


• Online resources from the text’s companion Web site 


Test Bank CD-ROM 

Windows and Mac versions on one disc, ISBN: 1-4292-8234-7 

1500 multiple-choice questions are section-referenced. The easy-to-use CD-ROM version 
includes Windows and Mac versions on a single disc, in a format that lets you add, edit, 
re-sequence, and print questions to suit your needs. 


Online Course Materials (WebCT, Blackboard) 

As a service for adopters, we will provide content files in the appropriate online course 
format, including the instructor and student resources for this text. The files can be used 
as is or can be customized to fit specific needs. Course outlines, prebuilt quizzes, links, 
activities, and a whole array of materials are included. 


PowerPoint Lecture Presentations 

A set of online lecture presentations created in PowerPoint allows instructors to tailor 
their lectures to suit their own needs using images and notes from the textbook. These 
presentations are available on the instructor portion of the companion Web site, and on 
the Instructor’s Resource CD-ROM. 
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Engaging in Astronomical Inquiry 

A Lab Manual by Stephanie I. Slater, Timothy F. Slater, Daniel I. Lyons 
ISBN: 1-4292-5860-8 

True Inquiry-Based Approach 

Students discover their own best way to learn astronomy. Thinking criti¬ 
cally about carefully constructed concepts and questions, students then 
develop their own question to base their research on. 

Engages Students in the Scientific Process 

Creates an active learning environment that teaches students to ap¬ 
proach and solve problems like a scientist. 

Coverage 

The manual covers concepts that lend themselves to lab experience, fo¬ 
cuses on most commonly taught topics. 

Easily Incorporated into Class 

Compatible with any introductory astronomy textbook, the labs are 
primarily computer-based and can be done in a computer lab or as¬ 
signed as homework. 

Requires No Equipment 

No laboratory materials are required beyond a computer and access to 
the Internet. All information for labs is gathered via online databases. 


FOR INSTRUCTORS 

Conducting Astronomy Education Research: 

A Primer 

Janelle M. Bailey, Stephanie J. Slater, Timothy F. Slater 
ISBN: 1-4292-6409-8 

Among all scientists, astronomers are some of the most highly trained 
observers and data analysts. Now, as international attention is being 
focused on how we as a society go about educating our youth in sci¬ 
ence, technology, mathematics, and engineering domains, many as¬ 
tronomers are turning their skills toward understanding the teaching 
and learning of astronomy, and science in general. This book is written 
for astronomers who want to learn more about how science education 
research is done and how to begin studying the teaching and learning 
of astronomy. The book provides fruitful research designs and effective 
data collection and analysis strategies, and points readers to avenues 
for publishing scholarly work in astronomy education research. The 
authors, long-time contributors to the astronomy education research 
community, provide rubber-meets-the-road guidance to both first-time 
and experienced researchers to get projects off the ground and into the 
scholarly literature. 
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R I V U X G The night sky as seen from the European Southern Observatory in Chile. (Hannes Heyer, ESO) 



I magine yourself in the desert on a clear, dark, moonless night, far from the 
glare of city lights. As you gaze upward, you see a panorama that no poet’s 
words can truly describe and that no artist’s brush could truly capture. Liter¬ 
ally thousands of stars are scattered from horizon to horizon, many of them 
grouped into a luminous band called the Milky Way (which extends up and 
down across the middle of this photograph). As you watch, the entire spectacle 
swings slowly overhead from east to west as the night progresses. 

For thousands of years people have looked up at the heavens and con¬ 
templated the universe. Like our ancestors, we find our thoughts turning to 
profound questions as we gaze at the stars. How was the universe created? 
Where did the Earth, Moon, and Sun come from? What are the planets and 
stars made of? And how do we fit in? What is our place in the cosmic scope 
of space and time? 


Wondering about the universe is a key part of what makes us human. 
Our curiosity, our desire to explore and discover, and, most important, our 
ability to reason about what we have discovered are qualities that distinguish 
us from other animals. The study of the stars transcends all boundaries of 
culture, geography, and politics. In a literal sense, astronomy is a universal 
subject—its subject is the entire universe. 

In this chapter, we describe how astronomers predict the motions of 
the stars, Sun, and Moon as they move across the sky. What we will discover 
is that these apparent motions are due to the spinning of the Earth and 
the Moon against the backdrop of the Sun and distant stars. Understand¬ 
ing why we see what we see is the first step in exploring our dynamic 
universe. 


Key Ideas 


j 


HADING THE SECTIONS OF THIS Cl ER. YOU WILL LE RN 


( Ql Astronomy is both an ancient cultural practice and a cutting- 
edge science based on technology and the scientific method 

dB The stars appear to change position over the night and 
throughout the year and are grouped by constellations 

f fgl All of the observed celestial motions can be described if our 
planet Earth spins once each day while it orbits around our 
Sun each year 


r ?gl The Sun appears to change position over the day and 
throughout the year, and these changes result in Earth’s 
seasons 

do The Moon appears to change its position in the sky every 
hour and its phase throughout each month 

(JB Eclipses occur only when the Sun, Moon, and Earth are 
perfectly aligned 
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CHAPTER 1 


(ED Astronomy is both an ancient cultural 
practice and a cutting-edge science 

Wondering about the night sky has a rich heritage that dates back 
to the myths and legends of antiquity. Centuries ago, the heavens 
were thought to be populated with demons and heroes, gods and 
goddesses. Astronomical phenomena were often explained as the 
result of supernatural forces and divine intervention and were used 
to remind Earth-bound inhabitants that their lives are intimately 
connected with the goings-on in the sky. 

The course of civilization has been greatly affected by a pro¬ 
found realization: The universe is comprehensible. This awareness 
is one of the great gifts to come to us from ancient Greece. Greek 
astronomers discovered that by observing the heavens and carefully 
reasoning about what they saw, they could learn something about 
how the universe operates. For example, as we will see, they mea¬ 
sured the size of the Earth and were able to understand and predict 
eclipses without appealing to supernatural forces. Modern science 
is a direct descendant of the work of these ancient Greek pioneers. 


The Scientific Method 

, Like sculpture, music, philosophy, marketing, or any 
y' other human creative activity, science makes use of intu- 
ition and experience. Yet, science has a particular way of 
exploring and describing our world. The approach used by scientists 
to explore physical reality is based fundamentally on observation, 
logic, and skepticism. This approach, called the scientific method, 
requires that our ideas about the world around us be consistent 
with what we actually observe. As such, not all questions are ap¬ 
propriate for scientific inquiry. Important questions such as what is 
love, how valuable is truth, and what is the purpose of life are 


tremendously important intellectual pursuits, but not necessarily 
the types of questions science can answer. Rather, the questions that 
science can address are those for which observations and predictive 
tests can be made. 

The scientific method goes something like this: A scientist trying 
to understand some observed phenomenon proposes a hypothesis, 
which is a collection of testable ideas that seems to explain what is 
observed. It is in developing hypotheses that scientists are often at 
their most creative, imaginative, and intuitive. But their hypotheses 
must always agree with existing observations and experiments, 
otherwise the hypothesis is wrong. (The exception is if the scientist 
thinks that the existing results are wrong and can give compelling 
evidence to show that they are wrong.) The scientist then uses logic 
to work out the implications of the hypothesis and to make predic¬ 
tions that can be tested. A hypothesis is on firm ground only after 
it has accurately forecast the results of new experiments or observa¬ 
tions. In practice, scientists typically go through these steps in a 
much less linear fashion than we have described. 

A body of related and rigorously tested hypotheses can be 
pieced together into a much larger, self-consistent description of 
nature called a theory. An example from later in this book is the 
theory that the planets are held in their orbits around the Sun by a 
gravitational force between the Sun and _ . . . .. ,. 

planets (Figure 1-1). Without theories ^ 15 deflned in 
there is no understanding and no science. Sect ion 3-6. 
only collections of facts. In fact, it is when 

widely encompassing ideas come together to form a theory that can 
predict the outcome of experiments and observations that science 
is at its peak performance. 

CAUTION In everyday language the word “theory” is often used to 
mean an idea that looks good on paper, but has little to do with 
reality. In science, however, a good theory is one that explains reality 


Figure 1-1 

Planets Orbiting the Sun An example of a scientific theory is the 
idea that the Earth and planets orbit the Sun due to the Sun and 
planets’ gravitational attraction. This theory is universally accepted 
because it makes predictions that have been tested and confirmed 
by observation. (The Sun and planets are actually much smaller than 
this illustration would suggest.) (Detlev Van Ravenswaay/Science 
Photo Library) 
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and that can be applied to explain new observations. An excellent 
example is the theory of gravitation, which was devised by the 
English scientist Isaac Newton in the late 1600s to explain the orbits 
of the six planets known at that time. When astronomers of later 
centuries discovered the planets Uranus, Neptune, and objects like 
Pluto, they found that these objects also moved in accordance with 
Newton’s theory. The same theory describes the motions of satellites 
around the Earth as well as the orbits of planets around other stars. 

An important part of a scientific theory is its ability to make 
predictions that can be tested by other scientists. If the predictions 
are verified by observation, that lends support to the theory and 
suggests that it might be correct. If the predictions are not verified, 
the theory needs to be modified or completely replaced. For ex¬ 
ample, an old theory held that the Sun and planets orbit around a 
stationary Earth. This theory led to certain predictions that could 
be checked by observation, as we will see later in this book. In the 
early 1600s the Italian scientist Galileo Galilei used one of the first 
telescopes to show that these predictions were incorrect. As a result, 
the theory of a stationary Earth was rejected, eventually to be re¬ 
placed by the modern picture shown in Figure 1-1 in which the 
Earth and other planets orbit the Sun. 

An idea that cannot be tested by observation or experiment 
does not qualify as a scientific theory. An example is the idea that 
there is a little man living in your refrigerator who turns the inside 
light on or off when you open and close the door. The little man is 
invisible, weightless, and makes no sound, so you can’t detect his 
presence. While this is an amusing idea, it cannot be tested and so 
cannot be considered science. 

Skepticism is an essential part of the scientific method. New 
hypotheses must be able to withstand the close scrutiny of other 
scientists. The more radical the hypothesis, the more skepticism 
and critical evaluation it will receive from the scientific community, 
because the general rule in science is that extraordinary claims 
require extraordinary evidence. That is why scientists as a rule do 
not accept claims that people have been abducted by aliens and 
taken aboard UFOs. The evidence presented for these claims is 
unverifiable. 

At the same time, scientists must be open-minded. They must 
be willing to discard long-held ideas if these ideas fail to agree with 
new observations and experiments, provided the new data have 
survived evaluation. (If an alien spacecraft really did land on Earth, 
scientists would be the first to accept that aliens existed—provided 
they could take a careful look at the spacecraft and its occupants. 1 ) 
That is why scientific knowledge is always subject to change. As 
you go through this book, you will encounter many instances where 
new observations have transformed our understanding of Earth, 
the planets, the Sun and stars, and indeed the very structure of the 
universe. 

Technology in Science 

As our technology increases, such that computers are squeezing vast 
amounts of digital memory in smaller and smaller places and MP3 
players get longer and longer battery lives, new tools for research 

1 Carl Sagan penned this concept in his book Cosmos (New York: Ballantine 
Books, 1980). 



Figure 1-2 RIVUXG 

A Telescope in Space Because it orbits outside the Earth’s atmosphere in the vacuum of 
space, the Hubble Space Telescope (HST) can detect not only visible light but also forms of 
nonvisible light that are absorbed by our atmosphere and hence are difficult or impossible 
to detect with a telescope on the Earths surface. This photo of HST was taken by the crew 
of the space shuttle Columbia after a servicing mission in 2002. (NASA) 

and new techniques of observation dramatically impact astronomy. 
For example, tiny digital cameras are commonly integrated into cell 
phones and this same technology can be used to make ultrasensitive 
cameras that work with telescopes. As another example, until fairly 
recently everything we knew about the distant universe was based 
on a narrow band of visible light. By the end of the nineteenth 
century, however, scientists had begun discovering forms of light 
invisible to the human eye: X-rays, gamma rays, radio waves, mi¬ 
crowaves, and ultraviolet and infrared radiation. 

As we will see in chapter 2, in recent years astronomers have 
constructed telescopes that can detect such nonvisible forms of 
light (Figure 1-2). These instruments give us views of the universe 
vastly different from anything our eyes can see. These new views 
have allowed us to see through the atmospheres of distant planets, 
to study the thin but incredibly violent gas that surrounds our Sun, 
and even to observe new solar systems being formed around dis¬ 
tant stars. Aided by high-technology telescopes, today’s astrono¬ 
mers carry on the program of careful observation and logical 
analysis begun thousands of years ago by their ancient Greek 
predecessors. 

A Quick Guide to Objects in the Sky 

The science of astronomy allows our intellects to voyage across the 
cosmos. We can think of three stages in this voyage: from the Earth 
through the solar system, from the solar system to the stars, and 
from the stars to galaxies and the grand scheme of the universe (see 
the Cosmic Connections box on p. 4). 

The star we call the Sun and all the celestial bodies that orbit 
the Sun—including Earth, the other seven planets, all their various 
moons, and smaller bodies such as asteroids and comets—make up 
the solar system (Chapter 4). 

The nearest star to Earth is the Sun. All stars emit energy in the 
form of light, so all stars shine. Stars have life stages which we’ll 









The Sun, Earth, and other planets 
are members of our solar system. 




All the planets except Mercury 
and Venus have satellites. 
Ours is the Moon. 


Smaller objects also orbit the Sun: 
Asteroids: rocky, planet-like objects 
found in the inner solar system 

Trans-Neptunian objects: bodies of 
rock and ice that orbit beyond Neptune 

Comets: small objects of rock and ice 
from the outer solar system that can 
venture close to the Sun 



Our Sun is a typical star. 


Stars are so numerous they can 
look like glowing grains of sand 
scattered across the sky. 


Stars are born in huge clouds of 
interstellar dust and gas called 

nebulae. 


Some stars end their lives with a spectacular detonation, 
called a supernova, that blows the star apart. 

Some dead stars become dizzily spinning pulsars; others 
become inconceivably dense objects called black holes, 
from which not even light can escape. 


Stars are grouped together in huge assemblages called galaxies. 
Our Sun is only one of the stars in the Milky Way Galaxy. 


Galaxies are grouped into clusters. 


Each of the dots in this map of the entire sky represents 
a relatively nearby galaxy. This is a tiny fraction of 
the number of galaxies in the observable universe. 
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discuss later in the book (Chapters 10,11, and 12). A few key points 
help set the stage for us here: 

• Huge clouds of interstellar gas, called nebulae, are scattered 
across the sky. Stars are born from the material of the nebula 
itself. 

• Some stars that are far more massive than the Sun end their 
lives with a spectacular detonation called a supernova that 
blows the star apart, forming new nebulae. 

• The most massive stars end their lives as almost inconceivably 
dense objects called black holes, whose gravity is so powerful 
that nothing—not even light—can escape. 

Stars are not spread uniformly across the universe, but are 
grouped together in huge assemblages called galaxies (Chapters 13 
and 14). A typical galaxy, like the Milky Way, of which our Sun is 
part, contains several hundred billion stars. 

We’ll begin our voyage just as our ancestors did, by looking up 
from the Earth into the sky, and reading the objects we can see with 
our eyes. 

(ConceptCheckl-1: ) Which is held in higher regard by professional 
astronomers, a hypothesis or a theory? Explain your answer. 

Answer appears at the end of the chapter. 


(a) (b) 

Figure 1-3 RIVUXG 

Three Views of Orion The constellation Orion is easily seen on nights from December 
through March, (a) This fanciful drawing from a star atlas published in 1835 shows Orion the 
Hunter as well as other celestial creatures, (b) A portion of a modern star atlas shows some 
of the stars in Orion. The yellow lines show the borders between Orion and its neighboring 


f na The stars are grouped 
by constellations 

Looking at the sky on a clear, dark night, you might think that you 
can see millions of stars. Actually, the unaided human eye can 
detect only about 6000 stars. Because half of the sky is below the 
horizon at any one time, you can see at most about half of these 
stars. But how does one make sense of so many stars scattered 
about? 

Stars are organized into patterns 
called asterisms and the sky divides 
into sections called constellations 

When ancient peoples looked at these thousands of stars, they imag¬ 
ined that groupings of stars traced out pictures in the sky, often by 
making figures by connecting stars dot-to-dot. These figures, which 
make somewhat recognizable shapes, are called asterisms. You may 
already be familiar with some of these pictures or patterns in the 
sky, such as the asterism of the Big Dipper. To make it easier to 
describe particular parts of the sky, today’s astronomers divide up 
the sky into semirectangular regions called constellations (from the 
Latin for “group of stars”). Many constellations, such as Orion in 
Ligure 1-3, have names derived from the myths and legends of 


(c) 

constellations (labeled in capitals), (c) This photograph of Orion shows many more stars 
than can be seen with the naked eye. (a: Courtesy of Janus Publications; c: Luke Dodd/ 
Science Photo Library/Photo Researchers) 
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antiquity. Although some star groupings vaguely resemble the fig¬ 
ures they are supposed to represent (see Figure 1-3 a), most do not. 
Constellations rarely, if ever, actually look like pictures of any kind. 

The term “constellation” has a broader definition in present- 
day astronomy. On modern star charts, the entire sky is divided into 
88 regions, each of which is called a constellation. For example, the 
constellation Orion is now defined to be an irregular patch of sky 
whose borders are shown in Figure 1-3 b. When astronomers refer 
to the “Great Nebula” M42 in Orion (see Figure l-3c), they mean 
that as seen from Earth this nebula appears to be within Orion’s 
patch of sky. Some constellations cover large areas of the sky (Ursa 
Major being one of the biggest) and others very small areas (Crux, 
the Southern Cross, being the smallest). But because the modern 
constellations cover the entire sky, every star lies in one constellation 
or another. 

When you look at a constellation’s star pattern, it is tempting 
to conclude that you are seeing a group of stars that are all relatively 
close together. In fact, most of these stars are nowhere near one 
another. As an example, in Figure 1-3 b, although Bellatrix (Arabic 
for “the Amazon”) and Mintaka (“the belt”) appear to be close to 
each other, Mintaka is actually farther away from us. The two stars 
only appear to be close because they are in nearly the same direction 
as seen from Earth. The same illusion often appears when you see 
an airliner’s lights at night. It is very difficult to tell how far away 
a single bright light is, which is why you can mistake an airliner a 
few kilometers away for a star trillions of times more distant. 

Many of the star names shown in Figure 1-3 b are drawn from 
the Arabic language. For example, Betelgeuse means “armpit,” 
which makes sense when you look at the star atlas drawing in Figure 
1-3^. Other types of names are also used for stars. For example, the 
brightest star in the night sky, Sirius, is also known as a Canis Major 
because it is also the brightest star in Canis Major (a, or alpha, is 
the first letter in the Greek alphabet; for more information on star 
names, see Looking Deeper 1.1: Star Names and Catalogs, at www 
.whfreeman.com/slater). 

CAUTION A number of unscrupulous commercial firms offer to 
name a star for you for a fee. The money that they charge you for 
this “service” is real, but the star names are not; none of these names 
are recognized by astronomers. If you want to use astronomy to 
commemorate your name or the name of a friend or relative, con¬ 
sider making a donation to your local planetarium or science mu¬ 
seum. The money will be put to much better use! 

Constellations are a map in the night sky Constellations can help you 
find your way around the sky. For example, if you live in the north¬ 
ern hemisphere, you can use the asterism of the Big Dipper in the 
constellation of Ursa Major to find the north direction by drawing 
a straight line through the two stars at the front of the Big Dipper’s 
bowl (Figure 1-4). The first moderately bright star you come to is 
Polaris, also called the North Star because it is located almost di¬ 
rectly over the Earth’s north pole. If you draw a line from Polaris 
straight down to the horizon, you will find the north direction. 

As Figure 1-4 shows, by following the handle of the Big Dipper 
you can locate the bright reddish star Arcturus in Bootes (the Shep¬ 
herd) and the prominent bluish star Spica in Virgo (the Virgin). The 
saying “Follow the arc to Arcturus and speed to Spica” may help 
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Figure 1-4 

The Big Dipper as a Guide The North Star can be seen from anywhere in the northern 
hemisphere on any night of the year. This star chart shows how the Big Dipper can be used 
to point out the North Star as well as the brightest stars in two other constellations. The 
chart shows the sky at around 11 p.m. (daylight saving time) on August 1. 

you remember these stars, which are conspicuous in the evening sky 
during the spring and summer. 

During winter in the northern hemisphere, you can see some 
of the brightest stars in the sky. Many of them are in the vicinity of 
the “winter triangle” (Figure 1-5), which connects bright stars in 
the constellations of Orion (the Hunter), Canis Major (the Large 
Dog), and Canis Minor (the Small Dog). 
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Figure 1-5 

The “Winter Triangle” This star chart shows the view toward the southwest on a winter 
evening in the northern hemisphere (around midnight on January 1,10 p.m. on February 1, 
or 8 p.m. on March 1). Three of the brightest stars in the sky make up the “winter triangle.” 
In addition to the constellations involved in the triangle, the chart shows the prominent 
constellations Gemini (the Twins), Auriga (the Charioteer), and Taurus (the Bull). 
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Figure 1-6 

The “Summer Triangle” This star chart shows the eastern sky as it appears in the evening 
during spring and summer in the northern hemisphere (around 1 a.m. daylight savings time 
on June 1, around 11 p.m. on July 1, and around 9 p.m. on August 1). The constellations Sagitta 
(the Arrow) and Delphinus (the Dolphin) are much fainter than the three constellations that 
make up the triangle. 


A similar feature, the “summer triangle,” graces the summer 
sky in the northern hemisphere. This triangle connects the brightest 
stars in Lyra (the Harp), Cygnus (the Swan), and Aquila (the Eagle) 
(Figure 1-6). A conspicuous portion of the Milky Way forms a beau¬ 
tiful background for these constellations, which are nearly overhead 
during the middle of summer at midnight. 

Note that all the star charts in this section and at the end of 
this book are drawn for an observer in the northern hemisphere. If 
you live in the southern hemisphere, you can see constellations that 
are not visible from the northern hemisphere, and vice versa. In the 
next section we will see why this is so. 

( ConceptCheck 1-2:) If Jupiter is reported to be in the 
constellation of Taurus the Bull, does Jupiter need to be within the 
outline of the bull’s body? Why or why not? 

Answer appears at the end of the chapter. 


(TBcl All of the observed celestial motions 
can be described if our planet Earth spins 
once each day while it orbits around our Sun 
each year 

Go outdoors soon after dark, find a spot away from bright lights, 
and note the patterns of stars in the sky. Do the same a few hours 
later. You will find that the entire pattern of stars (as well as the 


Moon, if it is visible) has shifted its position. New constellations 
will have risen above the eastern horizon, and some will have 
disappeared below the western horizon. If you look again before 
dawn, you will see that the stars that were just rising in the east 
when the night began are now low in the western sky. This daily 
motion of the stars is apparent in time-exposure photographs 
(Figure 1-7). 

If you repeat your observations on the following night, you will 
find that the motions of the sky are almost but not quite the same. 
The same constellations rise in the east and set in the west, but a 
few minutes earlier than on the previous night. If you look again 
after a month, the constellations visible at a given time of night (say, 
midnight) will be noticeably different, and after six months you will 
see an almost totally different set of constellations. Only after a year 
has passed will the night sky have the same appearance as when 
you began. 

Why does the sky go through this daily motion? Why do the 
constellations slowly shift from one night to the next? As we will 
see, the answer to the first question is that the Earth rotates once a 
day around an axis from the north pole to the south pole, while the 
answer to the second question is that the Earth also revolves once 
a year around the Sun. 



Figure 1-7 RIVUXG 

Motions of the Stars The Earth’s rotation makes stars appear to trace out circles in the 
sky. (Gemini Observatory) 
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Figure 1-8 RIVUXG 

Day and Night on the Earth At any moment, half of the Earth is illuminated by the 
Sun. As the Earth rotates from west to east, your location moves from the dark (night) 
hemisphere into the illuminated (day) hemisphere and back again. This image was recorded 
in 1992 by the Galileo spacecraft as it was en route to Jupiter. (JPL/NASA) 



Daily Motion and the Earth's Rotation 

/Q ri ^^ To understand daily motion, note that at any given mo- 
^ ment it is daytime on the half of the Earth illuminated 
by the Sun and nighttime on the other half (Figure 1-8). 
The Earth rotates from west to east, making one complete rotation 
every 24 hours, which is why there is a daily cycle of day and night. 
Because of this rotation, stars appear to us to rise in the east and 
set in the west, as do the Sun and Moon. 

Figure 1-9 helps to further explain daily motion. It shows two 
views of the Earth as seen from a point above the north pole. At the 


instant shown in Figure 1-9 a, it is day in Asia but night in most of 
North America and Europe. Figure 1-9 b shows the Earth 4 hours 
later. Four hours is one-sixth of a complete 24-hour day, so the 
Earth has made one-sixth of a rotation between Figures 1-9 a and 
1-9b. Europe is now in the illuminated half of the Earth (the Sun 
has risen in Europe), while Alaska has moved from the illuminated 
to the dark half of the Earth (the Sun has set in Alaska). For a person 
in California, in Figure l-9a the time is 8:00 p.m. and the constel¬ 
lation Cygnus (the Swan) is directly overhead. Four hours later, the 
constellation over California is Andromeda (named for a mythologi¬ 
cal princess). Because the Earth rotates from west to east, it appears 
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(a) Earth as seen from above the north pole 


Figure 1-9 

Why Diurnal Motion Happens The diurnal (daily) motion of the stars, the Sun, and the 
Moon is a consequence of the Earth’s rotation, (a) This drawing shows the Earth from a 
vantage point above the north pole, alongside the very distant background stars. In this 
drawing, for a person in California the local time is 8:00 p.m. and the constellation Cygnus is 


Rotation of 
Earth 




Person in 
California: 
midnight 
local time 


Andromeda is 
overhead as seen 
from California 


\ c 


Cygnus 


(b) 4 hours (one-sixth of a complete rotation) later 


directly overhead, (b) Four hours later, the Earth has made one-sixth of a complete rotation 
to the east. As seen from Earth, the entire sky appears to have rotated to the west by one- 
sixth of a complete rotation. It is now midnight in California, and the constellation directly 
over California is Andromeda. 
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to us on Earth that the entire sky rotates around us in the opposite 
direction, from east to west. 

ConceptCheck 1-3 People in which of the following cities in 
North America experience sunrise first: New York, San Francisco, 
Chicago, or Denver? 

CalCUlationCheck 1-1: ) If the constellation of Cygnus rises along 
the eastern horizon at sunset, at what time will it be highest above the 
southern horizon? 

Answers appear at the end of the chapter. 

Yearly Motion and Earth's Orbit 

In addition to the daily motion of the stars in the sky, the constella¬ 
tions visible in the night sky also change slowly over the course of a 
year. This happens because the Earth orbits, or revolves around, the 
Sun (Figure 1-10). Over the course of a year, the Earth makes one 
complete orbit, and the darkened, nighttime side of the Earth gradu¬ 
ally turns toward different parts of the heavens. For example, as 
seen from the northern hemisphere, at midnight in late July the con¬ 
stellation Cygnus is close to overhead; at midnight in late September 
the constellation Andromeda is close to overhead; and at midnight 
in late November the constellation Perseus (commemorating a 
mythological hero) is close to overhead. If you follow a particular 
star on successive evenings, you will find that it rises approximately 
4 minutes earlier each night, or 2 hours earlier each month. 

( ConceptCheck 1-4:} If the Earth suddenly rotated on its axis 3 
times faster than it does now, then how many times would the Sun 
rise and set each year? 

Answer appears at the end of the chapter. 


Skywatchers and astronomers often 
imagined the sky to be a giant 
celestial sphere surrounding Earth 


As you look up into the night sky, one can imagine that all of the 
stars might be attached to a giant dome that stretches across the sky. 
Ancient skywatchers often imagined the stars to be bits of fire im¬ 
bedded into the inner surface of an immense hollow sphere, called 
the celestial sphere, with the Earth at its center, and all the stars at 
the same distance from Earth. In this picture of the universe, the 
Earth was fixed and did not rotate. Instead, the entire celestial 
sphere rotated once a day around the Earth from east to west, 
thereby causing the daily motion of the sky. The picture of a rotating 
celestial sphere fit well with naked-eye observations, the sort that 
requires no equipment but human vision, and for its time was a 
useful model of how the universe works. 

Today’s astronomers know that this simple model of the 
^ universe is not correct. The changing sky over the course 
of a night is due to the rotation of the Earth, not the rest 
of the universe. Furthermore, the stars are not all at the same dis¬ 
tance from Earth. Indeed, the nearby stars you can see without a 
telescope can be more than 1000 times closer than the most distant 





Figure 1-10 

Why the Night Sky Changes During the Year As the Earth orbits around the Sun, the 
nighttime side of the Earth gradually turns toward different parts of the sky. Hence, the 
particular stars that you see in the night sky are different at different times of the year. This 
figure shows which constellation is overhead at midnight local time—when the Sun is on 
the opposite side of the Earth from your location—during different months for observers at 
midnorthern latitudes (including the United States). If you want to view the constellation 
Andromeda, the best time of the year to do it is in late September, when Andromeda is 
nearly overhead at midnight. 


ones. And, telescopes allow us to see objects even billions of times 
farther away. 

Thus, the celestial sphere is an imaginary object that has no 
basis in physical reality. Nonetheless, the celestial sphere model is 
a useful framework for the study of objects in the sky. If we imagine, 
as did the ancients, that the Earth is stationary and that the celestial 
sphere rotates around us, it is relatively easy to specify the directions 
to different objects in the sky and to visualize the motions of these 
objects. 
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Figure 1-11 depicts the celestial sphere, with the Earth at its 
center. (A truly proportional drawing would show the celestial 
sphere as being millions of times larger than the Earth.) We picture 
the stars as points of light that are fixed on the inner surface of the 
celestial sphere. If we project the Earth’s equator out into space, we 
obtain the celestial equator. The celestial equator divides the sky 
into northern and southern hemispheres, just as the Earth’s equator 
divides the Earth into two hemispheres. 

If we project the Earth’s north and south poles into space, 
we obtain the north celestial pole and the south celestial pole. 
The two celestial poles are where the Earth’s axis of rotation 
(extended out into space) intersects the celestial sphere (see Figure 
1-11). The star Polaris is less than 1° away from the north celestial 
pole, which is why it is called the North Star. (To understand 
measurement by degrees, see Box 1-1: Measuring Positions in 
the Sky.) 

The point in the sky directly overhead an observer anywhere 
on Earth is called that observer’s zenith. The zenith and celestial 
sphere are shown in Figure 1-12 for an observer located at 35° north 
latitude (that is, at a location on the Earth’s surface 35° north of 
the equator). The zenith is shown at the top of Figure 1-12, so the 
Earth and the celestial sphere appear “tipped” compared to Figure 
1-11. At any time, an observer can see only half of the celestial 


sphere; the other half is below the horizon, hidden by the body of 
the Earth. The hidden half of the celestial sphere is darkly shaded 
in Figure 1-12. 

Motions of the Celestial Sphere 

For an observer anywhere in the northern hemisphere, including 
the observer in Figure 1-12, the north celestial pole is always above 
the horizon. As the Earth turns from west to east, it appears to the 
observer that the celestial sphere turns from east to west. Stars suf¬ 
ficiently near the north celestial pole revolve around the pole, never 
rising or setting. Such stars are called circumpolar. For example, as 
seen from North America or Europe, Polaris is a circumpolar star 
and can be seen at any time of night on any night of the year. Figure 
1-7 shows the circular trails of stars around the north celestial pole 
as seen from Hawaii (at 20° north latitude). Stars near the south 
celestial pole revolve around that pole but always remain below the 
horizon of an observer in the northern hemisphere. Hence, these 
stars can never be seen by the observer in Figure 1-12. Stars between 
those two limits rise in the east and set in the west. 

CAUTION Which stars are circumpolar, which stars never rise, and 
which stars rise and set depends on the latitude from which you 
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; Figure 1-11 

The Celestial Sphere The celestial sphere is the apparent sphere of the sky. 
The view in this figure is from the outside of this (wholly imaginary) sphere. The Earth is 
at the center of the celestial sphere, so our view is always of the inside of the sphere. The 
celestial equator and poles are the projections of the Earth’s equator and axis of rotation 
out into space. The celestial poles are therefore located directly over the Earth’s poles. 


Figure 1-12 

The View from 35° North Latitude To an observer at 35° north, the north celestial pole is 
always 35° above the horizon. Stars within 35° of the north celestial pole are circumpolar; 
they trace out circles around the north celestial pole during the course of the night, 
and are always above the horizon on any night of the year. Stars within 35° of the south 
celestial pole are always below the horizon and can never be seen from this latitude. Stars 
that lie between these two extremes rise in the east and set in the west. 
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BOX 1-1 


Tools of the Astronomer's Trade 


Measuring Positions in the Sky 

I f you were standing outside and wanted to tell a friend about 
a particular star you are interested in, how would you do 
this? Simply saying, “The dim one over there sort of next to the 
bright one” probably isn’t very helpful. Another strategy is to 
describe how far apart two objects seem to be using angles. An 
angle is the opening between two lines that meet at a point. The 



(a) Measuring angles in the sky 



Figure Bl-1.2 

Estimating Angles with Your Hand The adult human hand extended to arm’s length 
can be used to estimate angular distances and angular sizes in the sky. 



The angular distance 
between the two pointer 
stars at the front of the 
Dipper is about 5°, 
roughly 
10 times 
the angular 
diameter of 
the Moon. 




(b) Angular distances in the 
northern hemisphere 



(c) Angular distances in the 
southern hemisphere 


Figure Bl-1.1 

Angles and Angular Measure (a) Angles are measured in degrees (°). There are 360° in 
a complete circle and 90° in a right angle. For example, the angle between the vertical 
direction (directly above you) and the horizontal direction (toward the horizon) is 90°. 
The angular diameter of the full moon in the sky is about ] /i°. (b) The seven bright stars 
that make up the Big Dipper can be seen from anywhere in the northern hemisphere. 

The angular distance between the two “pointer stars” at the front of the Big Dipper 
is about 5°. (c) The four bright stars that make up the Southern Cross can be seen from 
anywhere in the southern hemisphere. The angular distance between the stars at the top 
and bottom of the cross is about 6° 


basic unit for angles is the degree, designated by the symbol ° 

(Figure Bl-1.1). 

Astronomers also use angles to describe the apparent size of 
a celestial object—that is, what fraction of the sky that object 
seems to cover. For example, the angle covered by the diameter of 
the full moon is about Vi° (Figure Bl-1.1 a). We therefore say that 
the angular diameter of the Moon is V 2 0 across or is V 2 0 in size. 

The adult human hand held at arm’s length provides a 
means of estimating angles, as Figure Bl-1.2 shows. For ex¬ 
ample, your fist covers an angle of 10°, whereas the tip of your 
finger is about 1° wide. You can use various segments of your 
index finger extended to arm’s length to estimate angles a few 
degrees across. 

To talk about smaller angles, we subdivide the degree into 60 
arcminutes (also called minutes of arc), which is commonly ab¬ 
breviated as 60 arcmin or 60'. An arcminute is further subdivided 
into 60 arcseconds (or seconds of arc), usually written as 60 arcsec 
or 60". Thus, 

1° = 60 arcmin = 60' 

1' = 60 arcsec = 60" 

To learn how we can determine the actual linear size of the 
object (measured in kilometers or miles, for example), if we know 
the angular size of an object as well as the distance to that object, 
go to Looking Deeper 1.2: The Small-Angle Formula. 
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view the heavens. As an example, for an observer at 35° south lati¬ 
tude (roughly the latitude of Sydney, Cape Town, and Buenos Aires), 
the roles of the north and south celestial poles are the opposite of 
those shown in Figure 1-12. Objects close to the south celestial pole 
are circumpolar, that is, they revolve around that pole and never 
rise or set. For an observer in the southern hemisphere, stars close 
to the north celestial pole are always below the horizon and can 
never be seen. Hence, astronomers in Australia, South Africa, and 
Argentina never see the North Star but are able to see other stars 
that are forever hidden from North American and European 
observers. 

For observers at most locations on Earth, stars rise in the east 
and set in the west at an angle to the horizon (Figure l-13a). To see 
why this is so, notice that the rotation of the celestial sphere carries 
stars across the sky in paths that are parallel to the celestial equator. 
If you stand at the north pole, the north celestial pole is directly 
above you at the zenith (see Figure 1-11) and the celestial equator 
lies all around you at the horizon. Hence, as the celestial sphere 
rotates, the stars appear to move parallel to the horizon (Figure 
1-13 b). If instead you stand on the equator, the celestial equator 
passes from the eastern horizon through the zenith to the western 
horizon. The north and south celestial poles are 90° away from the 
celestial equator, so they lie on the northern and southern horizons 
respectively. As the celestial sphere rotates around an axis from pole 
to pole, the stars rise and set straight up and down—that is, in a 
direction perpendicular to the horizon (Figure 1-13 c). At any loca¬ 
tion on Earth between the equator and either pole, the rising and 
setting motions of the stars are at an angle intermediate between 
Figures 1-13 b and 1-13 c. The particular angle depends on the 
latitude. 

( ConceptCheck 1-5:) Where would you need to be standing on 
Earth for the celestial equator to pass through your zenith? 

Answer appears at the end of the chapter. 


(BO The Sun appears to change positions 

over the day and throughout the year and 
these changes result in Earth's seasons 

As we travel with the Earth around the Sun, we experience the an¬ 
nual cycle of seasons. But why are there seasons? Furthermore, the 
seasons are opposite in the northern and southern hemispheres. For 
example, February is midwinter in North America but midsummer 
in Australia. Why should this be? 

The Origin of the Seasons 

aQ^ , The reason why we have seasons, and why they are 
'-yWl ^ different in different hemispheres, is that the Earth’s 
ax i s 0 f rotation is not perpendicular to the plane of 
the Earth’s orbit. Instead, as Figure 1-14 shows, it is tilted about 
23Vi° away from the perpendicular. The Earth maintains this tilt 
as it orbits the Sun, with the Earth’s north pole pointing toward 
the north celestial pole. (This stability is a hallmark of all ro¬ 
tating objects. A top will not fall over as long as it is spinning, 
and the rotating wheels of a motorcycle help to keep the rider 
upright.) 

During part of the year, when the Earth is in the part of its 
orbit shown on the left side of Figure 1-14, the northern hemi¬ 
sphere is tilted toward the Sun. As the Earth spins on its axis, a 
point in the northern hemisphere spends more than 12 hours in 
the sunlight. Thus, the days there are long and the nights are 
short, and it is summer in the northern hemisphere. The summer 
is hot not only because of the extended daylight hours but also 
because the Sun is high in the northern hemisphere’s sky. As a 
result, sunlight strikes the ground at a nearly perpendicular angle 
that heats the ground efficiently (Figure 1-1 5a). During this same 
time of year in the southern hemisphere, the days are short and 
the nights are long, because a point in this hemisphere spends 





Figure 1-13 RIVUXG 

The Apparent Motion of Stars at Different Latitudes As the Earth rotates, 
stars appear to rotate around us along paths that are parallel to the celestial equator, (a) As 
shown in this long time exposure, at most locations on Earth the rising and setting motions 


are at an angle to the horizon that depends on the latitude, (b) At the north pole (latitude 
90° north) the stars appear to move parallel to the horizon, (c) At the equator (latitude 0°) 
the stars rise and set along vertical paths, (a: David Miller/DMI) 
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spring in the southern hemisphere 


Figure 1-14 

The Seasons The Earth’s axis of rotation is inclined 231/2° away from the perpendicular 
to the plane of the Earth’s orbit. The north pole is aimed at the north celestial pole, 
near the star Polaris. The Earth maintains this orientation as it orbits the Sun. 


Consequently, the amount of solar illumination and the number of daylight hours at any 
location on Earth vary in a regular pattern throughout the year. This is the origin of the 
seasons. 


fewer than 12 hours a day in the sunlight. The Sun is low in the 
sky, so sunlight strikes the surface at a grazing angle that causes 
little heating (Figure 1-1 5b), and it is winter in the southern 
hemisphere. 

Half a year later, the Earth is in the part of its orbit shown on 
the right side of Figure 1-14. Now the situation is reversed, with 
winter in the northern hemisphere (which is now tilted away from 
the Sun) and summer in the southern hemisphere. During spring 
and autumn, the two hemispheres receive roughly equal amounts 
of illumination from the Sun, and daytime and nighttime are of 
equal length everywhere on Earth. 


CAUTION A common misconception is that the seasons are caused 
by variations in the distance from the Earth to the Sun. According 
to this idea, the Earth is closer to the Sun in summer and farther 
away in winter. But in fact, the Earth’s orbit around the Sun is very 
nearly circular, and the Earth-Sun distance varies only about 3% 
over the course of a year. (The Earth’s orbit only looks elongated 
in Figure 1-14 because this illustration shows an oblique view.) We 
are slightly closer to the Sun in January than in July, but this small 
variation has little influence on the cycle of the seasons. Also, if the 
seasons were really caused by variations in the Earth-Sun distance, 
the seasons would be the same in both hemispheres! 


Figure 1-15 

Solar Energy in Summer and Winter At different times 
of the year, sunlight strikes the ground at different angles. 

(a) In summer, sunlight is concentrated and the days are also 
longer, which further increases the heating, (b) In winter the 
sunlight is less concentrated, the days are short, and little 
heating of the ground takes place. This accounts for the low 
temperatures in winter. 


The Sun is high 
in the midday 
summer sky... 
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... so a shaft of 
sunlight is 
concentrated onto 
a small area, which 
heats the ground 
effectively and 
makes the days 
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(a) The Sun in summer 



(b) The Sun in winter 
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CHAPTER 1 


( ConceptCheck 1-6?) If Earth’s axis were not tilted, but rather was 
straight up and down compared to the path of Earth’s orbit, would 
observers at Earth’s north pole still observe periods where the Sun 
never rises and the Sun never sets? 

Answer appears at the end of the chapter. 

How the Sun Moves on the Celestial Sphere 

Each morning, the Sun appears above the eastern horizon and 
slowly and continuously moves up into the southern sky. After 
about half of the day, the Sun, having reached its highest point in 
the sky at about noon, slowly makes its way down to the western 
horizon and sets. This rising and setting pattern occurs day after 
day with seemingly little change. 

However, upon closer inspection, one can observe that our 
Sun doesn’t follow the same path every day nor does it always 
cover the same stars with its brilliant light. Rather, the Sun slowly 
appears to cover first one constellation, then another, then an¬ 
other over the course of a year, sometimes high in the sky at noon 
and sometimes low in the sky. This circular path that the Sun 
appears to trace out against the background of stars over the 
course of a year is called the ecliptic (Figure 1-1 6a). The plane of 
this path is the same as the ecliptic plane (Figure 1-1 6b). (The 
name ecliptic suggests that the path traced out by the Sun has 
something to do with eclipses. We will discuss the connection 
later in this chapter.) Because there are 3 6514 days in a year and 
360° in a circle, the Sun appears to move along the ecliptic at a 
rate of about 1° per day. This motion is from west to east, that 
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(a) It appears from Earth that the Sun travels around the 
celestial sphere once a year 

Figure 1-16 

The Ecliptic and the Ecliptic Plane (a) As seen from Earth, the Sun appears to move 
around the celestial sphere along a circular path called the ecliptic. The Earth takes a year 
to complete one orbit around the Sun, so as seen by us the Sun takes a year to make a 


is, in the direction opposite to the apparent motion of the celestial 
sphere. 

ANALOGY Note that at the same time that the Sun is making its 
yearlong trip around the ecliptic, the entire celestial sphere is 
rotating around us once per day. You can envision the celestial 
sphere as a merry-go-round rotating clockwise, and the Sun as 
a restless child who is walking slowly around the merry-go- 
round’s rim in the counterclockwise direction. During the time it 
takes the child to make a round trip, the merry-go-round rotates 
36514 times. 

The ecliptic plane is not the same as the plane of the Earth’s 
equator, thanks to the 23 Vi° tilt of the Earth’s rotation axis shown 
in Figure 1-14. As a result, the ecliptic and the celestial equator are 
inclined to each other by that same 23 V 2 0 angle (Figure 1-17). 

(C onceptCheck 1-7:} How long does the Sun take to move from 
being next to a bright star all the way around the celestial sphere and 
back to that same bright star? 

Answer appears at the end of the chapter. 

Equinoxes and Solstices 

The ecliptic and the celestial equator intersect at only two points, 
which are exactly opposite each other on the celestial sphere (see 
Figure 1-17). Each point is called an equinox (from the Fatin for 
“equal night”), because when the Sun appears to cover either of 
these points, day and night are each about 12 hours long at all 



(b) In reality Earth orbits the Sun once a year 


complete trip around the ecliptic, (b) The ecliptic plane is the plane in which the Earth 
moves around the Sun. 
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Figure 1-17 

The Ecliptic, Equinoxes, and Solstices This illustration of the celestial sphere is 
similar to Figure 1-16b, but is drawn with the north celestial pole at the top and the 
celestial equator running through the middle. The ecliptic is inclined to the celestial 
equator by 2V/i because of the tilt of the Earth’s axis of rotation. It intersects the 
celestial equator at two points, called equinoxes. The northernmost point on the 
ecliptic is the northern solstice, and the southernmost point is the southern solstice. 
The Sun is shown in its approximate position for August 1. 


locations on Earth. The term “equinox” is also used to refer to the 
date on which the Sun passes in front of one of these special points 
on the ecliptic. 

On about March 21 of each year, the Sun crosses northward 
across the celestial equator at a point on the sky known as the 
March equinox. This marks the beginning of spring in the northern 
hemisphere (it was once known as the “vernal equinox” from the 
Latin for “spring,” but we more often use the term March equinox 
because it is less Eurocentric). On about September 22 the Sun 
moves southward across the celestial equator at the September equi¬ 
nox, marking the moment when fall begins in the northern hemi¬ 
sphere. Since the seasons are opposite in the northern and southern 
hemispheres, for Australians and South Africans the March equinox 
actually marks the beginning of autumn. 

Between the March and September equinoxes lie two other 
significant locations along the ecliptic. The point on the ecliptic 
farthest north of the celestial equator is called the northern solstice. 
“Solstice” is from the Latin for “solar standstill,” and it is at the 
northern solstice that the Sun stops moving northward on the 
celestial sphere. At this point, the Sun is as far north of the celestial 
equator as it can get. It marks the location of the Sun at the moment 
summer begins in the northern hemisphere (about June 21), and 
has traditionally been called the summer solstice, even though it 
marks the start of winter in the southern hemisphere. At the begin¬ 
ning of the northern hemisphere’s winter (about December 21), the 
Sun is farthest south of the celestial equator at a point called the 
southern solstice, which, again, has traditionally been known as 


the winter solstice, even though it marks the beginning of summer 
in the southern hemisphere. 

Because the Sun’s position on the celestial sphere varies slowly 
over the course of a year, its daily path across the sky (due to the 
Earth’s rotation) also varies with the seasons (Figure 1-18). On the 
first day of spring or the first day of autumn, when the Sun is at one 
of the equinoxes, the Sun rises directly in the east and sets directly 
in the west. 

When the northern hemisphere is tilted away from the Sun 
and it is winter in the northern hemisphere, the Sun rises in the 
southeast. Daylight lasts for fewer than 12 hours as the Sun skims 
low over the southern horizon and sets in the southwest. Northern 
hemisphere nights are longest when the Sun is at the southern 
solstice. 

If you were to travel from the equator toward the north pole, 
you would find that as you get farther north, the winter days get 
progressively shorter and the winter nights get progressively longer. 
In fact, anywhere within 23%° of Earth’s north pole (that is, north 
of latitude 90° - 23 1 A° = 66 V 2 0 N), the Sun is below the horizon 
for 24 continuous hours at least one day of the year. The circle 
around the Earth at 66 V 2 0 north latitude is called the Arctic Circle 
(Figure 1-19). The corresponding region around the south pole is 
bounded by the Antarctic Circle at 66 V 2 0 south latitude. At the time 
of the winter solstice, explorers south of the Antarctic Circle enjoy 
the “midnight sun,” or 24 hours of continuous daylight. 

The variations of the seasons are much less pronounced close 
to the equator. Between the Tropic of Capricorn at 23 V 2 0 south lati¬ 
tude and the Tropic of Cancer at 23Vi° north latitude, the Sun is 
directly overhead—that is, at the zenith—at high noon at least one 
day a year. Outside of the tropics, the Sun is never directly overhead, 
but is always either south of the zenith (as seen from locations north 



In winter in 
the northern 
hemisphere, 
the Sun rises in 
the southeast 
and sets in the 
southwest. 


On the first day of spring 
and the first day of fall, the 
Sun rises precisely in the east. 


During 
summer in 
the northern 
hemisphere, 
the Sun rises 
in the northeast 
and sets in the 
northwest. 


Figure 1-18 

The Sun’s Daily Path Across the Sky This drawing shows the apparent path of the Sun 
during the course of a day on four different dates. As in Figure l-16o, this drawing is for an 
observer at 35° north latitude. 
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The Sun does not 
rise north of 
the Arctic Circle... 


On the day when the Sun is 
at the southern solstice: 


...the Sun is directly 
overhead at noon 
on the Tropic of 
Capricorn... 


...and the Sun does not set 
south of the Antarctic Circle 


(a) Eath ct wirter solstice 


Figure 1-19 

Tropics and Circles Four important latitudes on Earth are the Arctic Circle (661/2° north 
latitude), Tropic of Cancer (231/2° north latitude), Tropic of Capricorn (231/2° south latitude), 


On the day when the Sun is 
at the northern solstice: 



The Sun does not 
set north of the 
Arctic Circle... 


...the Sun is 
directly overhead 
at noon on the 
Tropic of Cancer.. 


..and the Sun does not rise 
south of the Antarctic Circle. 


(b) Earth at summer solstice 

and Antarctic Circle (661/2° south latitude). These drawings show the significance of these 
latitudes when the Sun is (a) at the southern solstice and (b) at the northern solstice. 


of the Tropic of Cancer) or north of the zenith (as seen from south 
of the Tropic of Capricorn). 

The apparent positions of the stars also slowly change over 
the centuries. For a discussion of why, see Looking Deeper 1.3: 
Precession. 

(ConceptCheck 1-8:) How often each year does an observer 
standing on Earth’s equator experience no shadow during the 
noontime Sun? 

C alCUlationCheck 1-2:3 Approximately how many days are there 
between the northern solstice and the March equinox? 

Answers appear at the end of the chapter. 


r m The Moon appears to change its 
position in the sky hourly and its phase 
throughout each month 

As seen from Earth, both the Sun and the Moon appear to move 
from west to east on the celestial sphere—that is, relative to the 
background of stars. They move at very different rates, however. 
The Sun takes one year to make a complete trip around the imagi¬ 
nary celestial sphere along the path we call the ecliptic. By compari¬ 
son, the Moon takes only about four weeks. In the past, these 
similar motions led people to believe that both the Sun and the 
Moon orbit around the Earth. We now know that only the Moon 
orbits the Earth, while the Earth-Moon system as a whole (Figure 
1-20) orbits the Sun. (In Chapter 4 we will learn how this was 
discovered.) 



Figure 1-20 RIVUXG 

The Earth and the Moon This picture of the Earth and the Moon was taken in 1992 by 
the Galileo spacecraft on its way toward Jupiter. The Sun, which provides the illumination 
for both the Earth and the Moon, was far to the right and out of the camera’s field of view 
when this photograph was taken. (NASA/JPL) 
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One key difference between the Sun and the Moon is the nature 
of the light that we receive from them. The Sun emits its own light. 
So do the stars, which are objects like the Sun but much farther 
away, and so does an ordinary light bulb. By contrast, the light that 
we see from the Moon is reflected light. This is sunlight that has 
struck the Moon’s surface, bounced off, and ended up in our eyes 
here on Earth. 

CAUTION You probably associate reflection with shiny objects like 
a mirror or the surface of a still lake. In science, however, the term 
refers to light bouncing off any object. You see most objects around 
you by reflected light. When you look at your hand, for example, 
you are seeing light from the Sun (or from a light fixture) that has 
been reflected from the skin of your hand and into your eye. In the 
same way, moonlight is really sunlight that has been reflected by 
the Moon’s surface. 


Understanding the Moon's Phases 

Figure 1-20 shows both the Moon and the Earth as seen 
K in ^ from a spacecraft. When this image was recorded, the Sun 
was f ar 0 ff to the right. Hence, only the right-hand hemi¬ 
spheres of both worlds were illuminated by the Sun; the left-hand 
hemispheres were in darkness and are not visible in the picture. In 
the same way, when we view the Moon from the Earth, we see only 
the half of the Moon that faces the Sun and is illuminated. However, 
not all of the illuminated half of the Moon is necessarily facing us. 
As the Moon moves around the Earth, from one night to the next 
we see different amounts of the illuminated half of the Moon. These 
different appearances of the Moon are called lunar phases. 

Figure 1-21 shows the relationship between the lunar 
hA phase visible from Earth and the position of the Moon 
in its orbit. For example, when the Moon is at position 
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, Figure 1-21 

Why the Moon Goes Through Phases This figure shows the Moon at eight 
positions on its orbit, along with photographs of what the Moon looks like at each position 
as seen from Earth. The changes in phase occur because light from the Sun illuminates one 


half of the Moon, and as the Moon orbits the Earth we see varying amounts of the Moon’s 
illuminated half. It takes about 29 ] /2 days for the Moon to go through a complete cycle of 
phases. (Photographs from Yerkes Observatory and Lick Observatory) 
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A, we see it in roughly the same direction in the sky as the Sun. 
Hence, the dark hemisphere of the Moon faces the Earth. This 
phase, in which the Moon is barely visible, is called new moon. Since 
a new moon is near the Sun in the sky, it rises around sunrise and 
sets around sunset. 

As the Moon continues around its orbit from position A in 
Figure 1-21, more of its illuminated half becomes exposed to our 
view. The result, shown at position B, is a phase called waxing 
crescent moon (“waxing” is a synonym for “increasing”). About a 
week after new moon, the Moon is at position C; we then see half 
of the Moon’s illuminated hemisphere and half of the dark hemi¬ 
sphere. This phase is called first quarter moon. 

As seen from Earth, a first quarter moon is one-quarter of the 
way around the celestial sphere from the Sun. It rises and sets about 
one-quarter of an Earth rotation, or 6 hours, after the Sun does: 
Moonrise occurs around noon, and moonset occurs around 
midnight. 

CAUTION Despite the name, a first quarter moon appears to be half 
illuminated, not one-quarter illuminated! The name means that this 
phase is one-quarter of the way through the complete cycle of lunar 
phases. 

About four days later, the Moon reaches position D in Figure 
1-21. Still more of the illuminated hemisphere can now be seen 
from Earth, giving us the phase called waxing gibbous moon 
(“gibbous” is another word for “swollen”). When you look at the 
Moon in this phase, as in the waxing crescent and first quarter 
phases, the illuminated part of the Moon is toward the west. Two 
weeks after new moon, when the Moon stands opposite the 
Sun in the sky (position E), we see the fully illuminated hemi¬ 
sphere. This phase is called full moon. Because a full moon is 
opposite the Sun on the celestial sphere, it rises at sunset and sets 
at sunrise. 

Over the following two weeks, we see less and less of the 
Moon’s illuminated hemisphere as it continues along its orbit, and 
the Moon is said to be waning (“decreasing”). While the Moon is 
waning, its illuminated side is toward the east. The phases are called 
waning gibbous moon (position F), third quarter moon (position 
G, also called last quarter moon), and waning crescent moon (posi¬ 
tion H). A third quarter moon appears one-quarter of the way 
around the celestial sphere from the Sun, but on the opposite side 
of the celestial sphere from a first quarter moon. Hence, a third 
quarter moon rises and sets about one-quarter Earth rotation, or 6 
hours, before the Sun: moonrise is around midnight and moonset 
is around noon. 

The Moon takes about four weeks to complete one orbit 
around the Earth, so it likewise takes about four weeks for a com¬ 
plete cycle of phases from new moon to full moon and back to new 
moon. Since the Moon’s position relative to the Sun on the celestial 
sphere is constantly changing, the times of moonrise and moonset 
are different on different nights. On average, the Moon rises and 
sets about an hour later each night. 

Figure 1-21 also explains why the Moon is often visible in the 
daytime, as shown in Figure 1-22. From any location on Earth, 
about half of the Moon’s orbit is visible at any time. For example, 
if it is midnight at your location, you are in the middle of the dark 
side of the Earth that faces away from the Sun. At that time you 



Figure 1-22 RIVUXG 

The Moon During the Day The Moon can be seen during the daytime as well as at night. 
The time of day or night when it is visible depends on its phase. (Korl Bath/Gallo Images/ 
Getty Images) 

can easily see the Moon at positions C, D, E, F, or G. If it is midday 
at your location, you are in the middle of the Earth’s illuminated 
side, and the Moon will be easily visible if it is at positions A, B, C, 
G, or H. (The Moon is so bright that it can be seen even against the 
bright blue sky.) You can see that the Moon is prominent in the 
midnight sky for about half of its orbit, and prominent in the mid¬ 
day sky for the other half. 

CAUTION A very common misconception about lunar phases is that 
they are caused by the shadow of the Earth falling on the Moon. 
As Figure 1-21 shows, this is not the case at all. Instead, phases are 
simply the result of our seeing the illuminated half of the Moon at 
different angles as the Moon moves around its orbit. To help you 
better visualize how this works, Box 1-2: Phases and Shadows de¬ 
scribes how you can simulate the cycle shown in Figure 1-21 using 
ordinary objects on Earth. (As we will learn in Section 1-6, the 
Earth’s shadow does indeed fall on the Moon on rare occasions. 
When this happens, we see a lunar eclipse.) 

Although the phase of the Moon is constantly changing, one 
aspect of its appearance remains the same: it always keeps essen¬ 
tially the same hemisphere, or face, toward the Earth. Thus, you 
will always see the same craters and mountains on the Moon, no 
matter when you look at it; the only difference will be the angle at 
which these surface features are illuminated by the Sun. (You can 
verify this by carefully examining the photographs of the Moon in 
Figure 1-21.) 

ConceptCheck 1-9:^ If an observer on Earth sees just a tiny sliver 
of the crescent moon, how much of the Moon’s total surface is being 
illuminated by the Sun? 

( ConceptCheck 1-10: ) If the Moon appears in its waxing crescent 
phase, how will it appear in two weeks? 

Answers appear at the end of the chapter. 
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BOX 1-2 


The Heavens on Sarih 


Phases and Shadows 

igure 1-21 shows how the relative positions of the Earth, 
Moon, and Sun explain the phases of the Moon. You can vi¬ 
sualize lunar phases more clearly by doing a simple experiment 
here on Earth. All you need are a small round object, such as an 
orange or a baseball, and a bright source of light, such as a street 
lamp or the Sun. 

In this experiment, you play the role of an observer on the 
Earth looking at the Moon, and the round object plays the role 
of the Moon. The light source plays the role of the Sun. Hold the 
object in your right hand with your right arm stretched straight 
out in front of you, with the object directly between you and the 
light source (position A in the accompanying illustration). In this 
orientation the illuminated half of the object faces away from 
you, like the Moon when it is in its new phase (position A in 
Figure 1-21). 

Now, slowly turn your body to the left so that the object in 
your hand “orbits” around you (toward positions C, E, and G in 
the illustration). As you turn, more and more of the illuminated 
side of the “moon” in your hand becomes visible, and it goes 
through the same cycle of phases—waxing crescent, first quarter, 
and waxing gibbous—as does the real Moon. When you have 
rotated through half a turn so that the light source is directly 


behind you, you will be looking face on at the illuminated side of 
the object in your hand. This corresponds to a full moon (position 
E in Figure 1-21). Make sure your body does not cast a shadow 
on the “moon” in your hand—that would correspond to a lunar 
eclipse! 

As you continue turning to the left, more of the unillumi¬ 
nated half of the object becomes visible as its phase moves 
through waning gibbous, third quarter, and waning crescent. 
When your body has rotated back to the same orientation that 
you were in originally, the unilluminated half of your handheld 
“moon” is again facing toward you, and its phase is again new. 
If you continue to rotate, the object in your hand repeats the 
cycle of “phases,” just as the Moon does as it orbits around the 
Earth. 

The experiment works best when there is just one light source 
around. If there are several light sources, such as in a room with 
several lamps turned on, the different sources will create multiple 
shadows and it will be difficult to see the phases of your hand-held 
“moon.” If you do the experiment outdoors using sunlight, you 
may find that it is best to perform it in the early morning or late 
afternoon when shadows are most pronounced and the Sun’s rays 
are nearly horizontal. 



The Moon's Synchronous Rotation 

Why is it that we only ever see one face of the Moon? You might 
think that it is because the Moon does not rotate (unlike the Earth, 
which rotates around an axis that passes from its north pole to its 
south pole). To see that this cannot be the case, consider Figure 1-23. 
This figure shows the Earth and the orbiting Moon from a vantage 
point far above the Earth’s north pole. In this figure two craters on 
the lunar surface have been colored, one in red and one in blue. If 
the Moon did not rotate on its axis, as in Figure at some 

times the red crater would be visible from Earth, while at other 
times the blue crater would be visible. Thus, we would see different 


parts of the lunar surface over time, which does not happen in 
reality. 

In fact, the Moon always keeps the same face toward us be¬ 
cause it is rotating, but in a very special way: It takes exactly as long 
to rotate on its axis as it does to make one orbit around the Earth. 
This situation is called synchronous rotation. As Figure 1-23 b 
shows, this keeps the crater shown in red always facing the Earth, 
so that we always see the same face of the Moon. 

An astronaut standing at the spot shown in red in Figure 1-23 b 
would spend two weeks (half of a lunar orbit) in darkness, or lunar 
nighttime, and the next two weeks in sunlight, or lunar daytime. 
Thus, as seen from the Moon, the Sun rises and sets, and no part 
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If the Moon did not rotate, 
we could see all sides of the Moon 



^ T, °^ 

; Figure 1-23 

The Moon’s Rotation These diagrams show the Moon at four points in its 
orbit as viewed from high above the Earths north pole, (a) If the Moon did not rotate, then 
at various times the red crater would be visible from Earth while at other times the blue 
crater would be visible. Over a complete orbit, the entire surface of the Moon would be 


In fact, the Moon does rotate, 
and we see only one face of the Moon 



(b) 


visible, (b) In reality, the Moon rotates on its north-south axis. Because the Moon makes 
one rotation in exactly the same time that it makes one orbit around the Earth, we only see 
one face of the Moon. 


of the Moon is perpetually in darkness. This means that there really 
is no “dark side of the Moon.” The side of the Moon that constantly 
faces away from the Earth is properly called the far side. The Sun 
rises and sets on the far side just as on the side toward the Earth. 
Hence, the blue crater on the far side of the Moon in Figure 1-23 b 
is in sunlight for half of each lunar orbit. 

( ConceptCheckl-11:) If astronauts landed on the Moon near the 
center of the visible surface at full moon, how many Earth days would 
pass before the astronauts experienced darkness on the Moon? 

Answer appears at the end of the chapter. 

Sidereal and Synodic Months 

The time for a complete lunar “day”—the same as the time that it 
takes the Moon to rotate once on its axis—is about four weeks. 
(Because the Moon’s rotation is synchronous, it takes the same time 
for one complete lunar orbit.) It also takes about four weeks for the 
Moon to complete one cycle of its phases as seen from Earth. This 
regular cycle of phases inspired our ancestors to invent the concept 
of a month. For historical reasons, none of which has much to do 
with the heavens, the calendar we use today has months of differing 
lengths. Astronomers find it useful to define two other types of 
months, depending on whether the Moon’s motion is measured 
relative to the stars or to the Sun. Neither corresponds exactly to 
the familiar months of the calendar. 


The sidereal month is the time it takes the Moon to complete 
one full orbit of the Earth, as measured with respect to the stars. 
This true orbital period is equal to about 27.32 days. The synodic 
month, or lunar month, is the time it takes the Moon to complete 
one cycle of phases (that is, from new moon to new moon or from 
full moon to full moon) and thus is measured with respect to the 
Sun rather than the stars. The length of the “day” on the Moon is 
a synodic month, not a sidereal month. 

The synodic month is longer than the sidereal month because 
the Earth is orbiting the Sun while the Moon goes through its 
phases. As Figure 1-24 shows, the Moon must travel more than 
360° along its orbit to complete a cycle of phases (for example, from 
one new moon to the next). Because of this extra distance, the 
synodic month is equal to about 29.53 days, about two days longer 
than the sidereal month. 

Both the sidereal month and synodic month vary somewhat 
from one orbit to another, the latter by as much as half a day. The 
reason is that the Sun’s gravity sometimes causes the Moon to speed 
up or slow down slightly in its orbit, depending on the relative posi¬ 
tions of the Sun, Moon, and Earth. Furthermore, the Moon’s orbit 
changes slightly from one month to the next. 

( ConceptCheck 1-12: ) If Earth was orbiting the Sun much faster 
than it is now, would the length of time between full moons increase, 
decrease, or stay the same? 

Answer appears at the end of the chapter. 
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1. At new moon, the 
Moon lies between the 
Sun and Earth. 


; Figure 1-24 

The Sidereal and Synodic Months The sidereal month 
is the time the Moon takes to complete one full revolution around the 
Earth with respect to the background stars. However, because the Earth 
is constantly moving along its orbit about the Sun, the Moon must travel 
through slightly more than 360° of its orbit to get from one new moon 
to the next. Thus, the synodic month-the time from one new moon to 
the next—is longer than the sidereal month. 


4. After one synodic month, the Moon is again 
new and lies between the Sun and Earth. 


CIO Eclipses occur only during rarely 
observed events when our Sun, Moon, and 
Earth are perfectly aligned 

From time to time the Sun, Earth, and Moon all happen to lie along 
a straight line. When this occurs, the shadow of the Earth can fall 
on the Moon or the shadow of the Moon can fall on the Earth. Such 
phenomena are called eclipses. They are perhaps the most dramatic 
astronomical events that can be seen with the naked eye. 

A lunar eclipse occurs when the Moon passes through the 
Earth’s shadow. This occurs when the Sun, Earth, and Moon are in 
a straight line, with the Earth between the Sun and Moon so that 
the Moon is at full phase (position E in Figure 1-21). At this point 
in the Moon’s orbit, the face of the Moon seen from Earth would 
normally be fully illuminated by the Sun. Instead, it appears quite 
dim because the Earth casts a shadow on the Moon. 

A solar eclipse occurs when the Earth passes through the 
Moon’s shadow. As seen from Earth, the Moon moves in front of 
the Sun. Once again, this can happen only when the Sun, Moon, 
and Earth are in a straight line. However, for a solar eclipse to occur, 
the Moon must be between the Earth and the Sun. Therefore, a solar 
eclipse can occur only at new moon (position A in Figure 1-21). 

Both new moon and full moon occur at intervals of 2 9Vi days. 
Hence, you might expect that there would be a solar eclipse every 
2 9Vi days, followed by a lunar eclipse about two weeks (half a 
lunar orbit) later. But in fact, there are only a few solar eclipses and 
lunar eclipses per year. Solar and lunar eclipses are so infrequent 
because the plane of the Moon’s orbit and the plane of the Earth’s 
orbit are not exactly aligned, as Figure 1-25 shows. The angle 
between the plane of the Earth’s orbit and the plane of the Moon’s 
orbit is about 5°. Because of this tilt, new moon and full moon 


usually occur when the Moon is either above or below the plane 
of the Earth’s orbit. When the Moon is not in the plane of the 
Earth’s orbit, the Sun, Moon, and Earth cannot align perfectly, and 
an eclipse cannot occur. 

In order for the Sun, Earth, and Moon to be lined up for an 
eclipse, the Moon must lie in the same plane as the Earth’s orbit 
around the Sun. As we saw in Section 1-4, this plane is called the 
ecliptic plane because it is the same as the plane of the Sun’s appar¬ 
ent path around the sky, or ecliptic (see Figure 1-17). Thus, when an 



Figure 1-25 

The Inclination of the Moon’s Orbit This drawing shows the Moon’s orbit around the 
Earth (in yellow) and part of the Earths orbit around the Sun (in red). The plane of the 
Moon’s orbit (shown in brown) is tilted by about 5° with respect to the plane of the Earth’s 
orbit, also called the plane of the ecliptic (shown in blue). These two planes intersect along 
a line called the line of nodes. 










22 


CHAPTER 1 


Moon is on line of nodes: eclipse can occur Full moon 
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Figure 1-26 

^ Conditions for Eclipses Eclipses can take place only if the Sun and Moon are 
both very near to or on the line of nodes. Only then can the Sun, Earth, and Moon all lie 
along a straight line. A solar eclipse occurs only if the Moon is very near the line of nodes 


at new moon; a lunar eclipse occurs only if the Moon is very near the line of nodes at full 
moon. If the Sun and Moon are not near the line of nodes, the Moon’s shadow cannot fall 
on the Earth and the Earth’s shadow cannot fall on the Moon. 


eclipse occurs, the Moon appears from Earth to be on the ecliptic— 
which is how the ecliptic gets its name. 

The planes of the Earth’s orbit and the Moon’s orbit intersect 
along a line called the line of nodes, shown in Figure 1-26. The line 
of nodes passes through the Earth and is pointed in a particular 
direction in space. Eclipses can occur only if the line of nodes is 
pointed toward the Sun—that is, if the Sun lies on or near the line 
of nodes—and if, at the same time, the Moon lies on or very near 
the line of nodes. Only then do the Sun, Earth, and Moon lie in a 
line straight enough for an eclipse to occur. 

Anyone who wants to predict eclipses must know the orienta¬ 
tion of the line of nodes. But the line of nodes is gradually shifting 
because of the gravitational pull of the Sun on the Moon. As a result, 
the line of nodes rotates slowly westward. Astronomers calculate 
such details to fix the dates and times of upcoming eclipses. 

There are at least two—but never more than five—solar eclipses 
each year. The last year in which five solar eclipses occurred was 
1935. The least number of eclipses possible (two solar, zero lunar) 
happened in 1969. Lunar eclipses occur just about as frequently as 
solar eclipses, but the maximum possible number of eclipses (lunar 
and solar combined) in a single year is seven. 


( ConceptCheck 1-13: ) Why don’t lunar eclipses occur each time 
the Moon reaches full moon phase? 

Answer appears at the end of the chapter. 


Lunar Eclipses 


, The character of a lunar eclipse depends on exactly how 
'-yWl ^ the Moon travels through the Earth’s shadow. As Figure 
1-27 shows, the shadow of the Earth has two distinct 
parts. In the umbra, the darkest part of the shadow, no portion of 
the Moon’s surface can be seen. A portion of the Moon’s surface is 
visible in the penumbra, which therefore is not quite as dark. Most 
people notice a lunar eclipse only if the Moon passes into the Earth’s 
umbra. As this umbral phase of the eclipse begins, a bite seems to 
be taken out of the Moon. 

The inset in Figure 1-27 shows the different ways in which the 
Moon can pass into the Earth’s shadow. When the Moon passes 
through only the Earth’s penumbra (Path 1), we see a penumbral 
eclipse. During a penumbral eclipse, the Earth blocks only part of 
the Sun’s light and so none of the lunar surface is completely shaded. 
Because the Moon still looks full but only a little dimmer than usual, 
penumbral eclipses are easy to miss. If the Moon travels completely 
into the umbra (Path 2), a total lunar eclipse occurs. If only part of 
the Moon passes through the umbra (Path 3), we see a partial lunar 
eclipse. 

If you were on the Moon during a total lunar eclipse, the Sun 
would be hidden behind the Earth. But some sunlight would be 
visible through the thin ring of atmosphere around the Earth, just 
as you would see sunlight through a person’s hair whose head was 
between your eyes and the Sun. As a result, a small amount of light 
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Figure 1-27 

Three Types of Lunar Eclipse People on the nighttime side of 
the Earth see a lunar eclipse when the Moon moves through the 
Earth’s shadow. In the umbra, the darkest part of the shadow, the 
Sun is completely covered by the Earth. The penumbra is less 
dark because only part of the Sun is covered by the Earth. The 
three paths show the motion of the Moon if the lunar eclipse 
is penumbral (Path 1), total (Path 2), or partial (Path 3). The inset 
shows these same paths, along with the umbra and penumbra, as 
viewed from the Earth. 


reaches the Moon during a total lunar eclipse, and so the Moon 
does not completely disappear from the sky as seen from Earth. 
Most of the sunlight that passes through the Earth’s atmosphere is 
red, and thus the eclipsed Moon glows faintly in reddish hues, as 
Figure 1-28 shows. 

Lunar eclipses occur at full moon, when the Moon is directly 
opposite the Sun in the sky. Hence, a lunar eclipse can be seen at any 
place on Earth where the Sun is below the horizon (that is, where it 
is nighttime). A lunar eclipse has the maximum possible duration if 
the Moon travels directly through the center of the umbra. The 
Moon’s speed through the Earth’s shadow is roughly 1 kilometer per 
second (3600 kilometers per hour, or 2280 miles per hour), which 
means that totality—the period when the Moon is completely within 
the Earth’s umbra—can last for as long as 1 hour and 42 minutes. 

On average, two or three lunar eclipses occur in a year. Table 
1-1 lists all 10 lunar eclipses from 2011 to 2015. Of all lunar 
eclipses, roughly one-third are total, one-third are partial, and one- 
third are penumbral. 


ConceptCheck 1-14: ) Why does the eclipsing Moon spend more 
time in the penumbral shadow than the umbral shadow? 

Answer appears at the end of the chapter. 

Solar Eclipses 

As seen from Earth, the angular diameter of the Moon 
K |El ~ 4 1S a l most exactly the same as the angular diameter of the 
far larger but more distant Sun—about 0.5°. Thanks to 
this coincidence of nature, the Moon just “fits” over the Sun during 
a total solar eclipse. 

A total solar eclipse is a dramatic event. The sky begins to 
darken, the air temperature falls, and winds increase as the Moon 
gradually covers more and more of the Sun’s disk. All nature re¬ 
sponds: Birds go to roost, flowers close their petals, and crickets 
begin to chirp as if evening had arrived. As the last few rays of 
sunlight peek out from behind the edge of the Moon and the eclipse 



Figure 1-28 RIVUXG 

A Total Lunar Eclipse This sequence of nine photographs was taken over a 3-hour 
period during the lunar eclipse of January 20, 2000. The sequence, whic h runs from 
right to left, shows the Moon moving through the Earth’s umbra. During the total phase 


of the eclipse (shown in the center), the Moon has a distinct reddish color. 
(Fred Espenak, NASA/Goddard Space Flight Center; ©2000 Fred Espenak, 
MrEclipse.com) 
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Qable 1-1 

Lunar Eclipses, 201T 

-2015 





Duration of totality 

Date 

Type 

Where visible 

(h=hours, m=minutes) 

2011 June 15 

Total 

South America, Europe, Africa, Asia, Australia 

lh 40m 

2011 December 10 

Total 

Europe, east Africa, Asia, Australia, Pacific, North America 

51m 

2012 June 4 

Partial 

Asia, Australia, Pacific, Americas 

— 

2012 November 28 

Penumbral 

Europe, east Africa, Asia, Australia, Pacific, North America 

— 

2013 April 25 

Partial 

Europe, Africa, Asia, Australia 

— 

2013 May 25 

Penumbral 

Americas, Africa 

— 

2013 October 18 

Penumbral 

Americas, Europe, Africa, Asia 

— 

2014 April 15 

Total 

Australia, Pacific, Americas 

lh 18m 

2014 October 8 

Total 

Asia, Australia, Pacific, Americas 

59m 

2015 April 4 

Total 

Asia, Australia, Pacific, Americas 

5m 



(a) 

Figure 1-29 RIVUXG 

A Total Solar Eclipse (a) This photograph shows the total solar eclipse of August 11,1999, 
as seen from Elazig, Turkey. The sky is so dark that the planet Venus can be seen to the left 
of the eclipsed Sun. (b) When the Moon completely covers the Suns disk during a total 
eclipse, the faint solar corona is revealed. (Fred Espenak, MrEdipse.com) 


becomes total, the landscape around you is bathed in an eerie gray 
or, less frequently, in shimmering bands of light and dark. Finally, 
for a few minutes the Moon completely blocks out the dazzling 
solar disk and not much else (Figure 1-29 a). The Sun’s thin, hot 
outer atmosphere, which is normally too dim to be seen—blazes 
forth in the darkened daytime sky (Figure 1-2 9b). It is an awe¬ 
inspiring sight. 

CAUTION If you are fortunate enough to see a solar eclipse, keep in 
mind that the only time when it is safe to look at the Sun is during 
totality, when the solar disk is blocked by the Moon and only the 
Sun’s outermost atmosphere is visible. Viewing this magnificent 
spectacle cannot harm you in any way. But you must never look 
directly at the Sun when even a portion of its intensely brilliant disk 
is exposed. If you look directly at the Sun at any time without a 
special filter approved for solar viewing, you will suffer permanent 
eye damage or blindness. 



(b) 
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To see the remarkable spectacle of a total solar eclipse, you 
must be inside the darkest part of the Moon’s shadow, also called 
the umbra, where the Moon completely blocks the Sun. Because the 
Sun and the Moon have nearly the same angular diameter as seen 
from Earth, only the tip of the Moon’s umbra reaches the Earth’s 
surface (Figure 1-30). As the Earth rotates, the tip of the umbra 
traces an eclipse path across the Earth’s surface. Only those loca¬ 
tions within the eclipse path are treated to the spectacle of a total 
solar eclipse. The inset in Figure 1-30 shows the dark spot on the 
Earth’s surface produced by the Moon’s umbra. 

Immediately surrounding the Moon’s umbra is the region of 
partial shadow called the penumbra. As seen from this area, the 
Sun’s surface appears only partially covered by the Moon. During a 
solar eclipse, the Moon’s penumbra covers a large portion of the 
Earth’s surface, and anyone standing inside the penumbra sees a par¬ 
tial solar eclipse. Such eclipses are much less interesting events than 
total solar eclipses, which is why astronomy enthusiasts strive to be 
inside the eclipse path. If you are within the eclipse path, you will see 
a partial eclipse before and after the brief period of totality. 

The width of the eclipse path depends primarily on the Earth- 
Moon distance during totality. The eclipse path is widest if the 
Moon happens to be at perigee, the point in its orbit nearest the 



Figure 1-30 RIVUXG 

The Geometry of a Total Solar Eclipse During a total solar eclipse, the tip of the Moons 
umbra reaches the Earths surface. As the Earth and Moon move along their orbits, this tip 
traces an eclipse path across the Earths surface. People within the eclipse path see a total 
solar eclipse as the tip moves over them. Anyone within the penumbra sees only a partial 
eclipse. The inset photograph was taken from the Mir space station during the August 11,1999, 
total solar eclipse (the same eclipse shown in Figure 1-29). The tip of the umbra appears as a 
black spot on the Earths surface. At the time the photograph was taken, this spot was 105 km 
(65 mi) wide and was crossing the English Channel at 3000 km/h (1900 mi/h). (Photograph 
by Jean-Pierre Haignere, Centre National dDEtudes Spatiales, France/GSFS) 


Earth. In this case the width of the eclipse path can be as great as 
270 kilometers (170 miles). In most eclipses, however, the path is 
much narrower. 

( ConceptCheck 1-15:) Why can a total lunar eclipse be seen by 
people all over the world whereas total solar eclipses can only been 
seen from a very limited geographic location? 

Answer appears at the end of the chapter. 

Annular Solar Eclipses 

In some eclipses the Moon’s umbra does not reach all the way to the 
Earth’s surface. This can happen if the Moon is at or near apogee, 
its farthest position from Earth. In this case, the Moon appears too 
small to cover the Sun completely. The result is a third type of solar 
eclipse, called an annular eclipse. During an annular eclipse, a thin 
ring of the Sun is seen around the edge of the Moon (Figure 1-31). 
The length of the Moon’s umbra is nearly 5000 kilometers (3100 
miles) less than the average distance between the Moon and the 
Earth’s surface. Thus, the Moon’s shadow often fails to reach the 
Earth even when the Sun, Moon, and Earth are properly aligned for 
an eclipse. Hence, annular eclipses are slightly more common—as 
well as far less dramatic—than total eclipses. 



Figure 1-31 RIVUXG 

An Annular Solar Eclipse This composite of six photographs taken at sunrise in Costa Rica 
shows the progress of an annular eclipse of the Sun on December 24,1973. (Five photographs 
were made of the Sun, plus one of the hills and sky.) Note that at mideclipse the limb, or 
outer edge, of the Sun is visible around the Moon. (Courtesy of Dennis di Cicco) 
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Figure 1-32 

Eclipse Paths for Total Eclipses, 1997— 

2020 This map shows the eclipse paths for 
all 18 total solar eclipses occurring from 1997 
through 2020. In each eclipse, the Moon’s 
shadow travels along the eclipse path in a 
generally eastward direction across the Earth’s 
surface. (Courtesy of Fred Espenak, NASA/ 
Goddard Space Flight Center) 



Longitude 


Even during a total eclipse, most people along the eclipse path 
observe totality for only a few moments. The Earth’s rotation, cou¬ 
pled with the orbital motion of the Moon, causes the umbra to race 
eastward along the eclipse path at speeds in excess of 1700 kilome¬ 
ters per hour (1060 miles per hour). Because of the umbra’s high 
speed, totality never lasts for more than 7Vi minutes. In a typical total 
solar eclipse, the Sun-Moon-Earth alignment and the Earth-Moon 
distance are such that totality lasts much less than this maximum. 

The details of solar eclipses are calculated well in advance. They 
are published in such reference books as the Astronomical Almanac 


and are available on the World Wide Web. Figure 1-32 shows 
the eclipse paths for all total solar eclipses from 1997 to 2020. 
Table 1-2 lists all the total, annular, and partial eclipses from 2011 
to 2014, including the maximum duration of totality for total 
eclipses. 

Ancient astronomers achieved a limited ability to predict 
eclipses. In those times, religious and political leaders who were able 
to predict such awe-inspiring events as eclipses must have made a 
tremendous impression on their followers. One of three priceless 
manuscripts to survive the devastating Spanish Conquest shows that 


QaBLE 1-2 

Solar Eclipses, 2011- 

-2014 


Date 


Type 

Where visible 

Duration of totality 

2011 January 4 


Partial 

Europe, Africa, central Asia 

86% eclipsed 

2011 June 1 


Partial 

Asia, northern North America, Iceland 

60% eclipsed 

2011 July 1 


Partial 

Indian Ocean 

10% eclipsed 

2011 November 25 

Partial 

Africa, Antarctica, Tasmania, New Zealand 

91% eclipsed 

2012 May 20 


Annular 

China, Japan, Pacific, western United States 

94% eclipsed 

2012 November 13 

Total 

Australia, New Zealand, southern Pacific, southern 
South America 

Maximum duration of 
totality 4m 02s 

2013 May 10 


Annular 

northern Australia, Solomon Islands, central Pacific 

— 

2013 November 3 

Total/Annular 

eastern Americas, southern Europe, Africa 

Rare hybrid eclipse with 
maximum duration of lm 40s 

2014 April 29 


Annular 

southern Indian Ocean, Australia, Antarctica 

— 

2014 October 23 

Partial 

northern Pacific, North America 

81% eclipsed 















VISUAL LITERACY TASK 


Celestial Sphere 



PROMPT: What would you tell a fellow student who said, “Stars 
move across the stationary celestial sphere such that each star 
can be seen overhead at some time of the night.” 

ENTER RESPONSE: 


Guiding Questions 

1. In this geocentric model, the celestial sphere 

a. does not move. 

b. spins around a stationary Earth. 

c. protects Earth by keeping stars from drifting too close. 

d. fixes the North Star directly over the observer. 


2. The celestial sphere has stars that 

a. are attached and move along with it. 

b. move across the sphere in prescribed tracks. 

c. are free to cycle closer and farther to one another. 

d. predictably move from one constellation to the next. 

3. The celestial sphere is tilted such that 

a. all stars can be seen at some point during the night. 

b. all stars can be seen at some point during a year. 

c. the horizon does not interfere with observing stars. 

d. the altitude of the North Star is equal to an observer’s 
latitude. 

4. If the observer moved to a more northerly location on Earth, 
she would 

a. see the exact same stars. 

b. see entirely different stars. 

c. observe the North Star at a different altitude 

d. fall off the Earth. 

5. From the center of North America, stars that are seen to rise 
and set are 

a. far from the celestial poles. 

b. the most distant from Earth. 

c. found close to the North Star. 

d. generally the brightest stars. 

6. For an observer at Earth’s north pole, the stars 

a. are only visible for half the night. 

b. rise and set more quickly than for observers at the equator. 

c. never rise and set. 

d. all pass directly overhead. 


the Mayan astronomers of Mexico and Guatemala had a fairly reli¬ 
able method for predicting eclipses. The great Greek astronomer 
Thales of Miletus is said to have predicted the famous eclipse of 
585 b.c., which occurred during the middle of a war. The sight was 
so unnerving that the soldiers put down their arms and declared 
peace. 

In retrospect, it seems that what ancient astronomers actually 
produced were eclipse “warnings” of various degrees of reliability 
rather than true predictions. Working with historical records, these 
astronomers generally sought to discover cycles and regularities 
from which future eclipses could be anticipated. 


( ConceptCheck 1-16: ) If you had a chance to observe a total solar 
eclipse and a total lunar eclipse, in general, how much longer would 
you expect one type to last than the other? 

Answer appears at the end of the chapter. 

KeyJdeas and Terms 

1-1 Astronomy is both an ancient cultural practice and a cutting-edge science 

• The scientific method is a systematic approach used by scientists to 
explore physical reality based on observation, logic, and skepticism. 
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• A hypothesis is a carefully constructed and testable explanation of an 
observed phenomenon, which can be combined into a larger and 
well-accepted theory if it survives rigorous testing. 

• Technology has vastly improved our ability to learn about the 
universe. 

1-2 The stars are grouped by constellations 

• Ancient peoples imagined groupings of stars to be recognizable shapes, 
called asterisms. 

• In modern science, the entire sky is divided into 88 regions, each of 
which is a constellation. 

1-3 All of the observed celestial motions can be described if our planet 

Earth spins once each day while it orbits around our Sun each year 

• Earth completes one full rotation from west to east every 24 hours, 
which explains why the stars appear to rise in the east, move across 
the sky, and set in the west. 

• Earth makes a complete of orbit of the Sun each year, which is why 
the constellations appear to shift positions in the sky. 

• Projecting Earth’s equator and poles into space onto an imaginary 
celestial sphere surrounding Earth, we label the celestial equator, the 
north celestial pole, and the south celestial pole. 

• The rotation of the celestial sphere carries stars across the sky in paths 
parallel to the celestial equator, and the angle of the star’s path across 
the sky depends on the latitude of the observer. 

• The point in the sky directly overhead an observer anywhere on Earth 
is called that observer’s zenith. 

• Circumpolar stars are stars sufficiently near the north celestial pole so 
that they revolve around the pole, never rising or setting beneath the 
horizon. 

1-4 The Sun appears to change positions over the day and throughout the 

year, and these changes result in Earth’s seasons 

• Earth’s axis of rotation is 23Vi degrees away from perpendicular. 

• When either one of Earth’s hemispheres is tilted toward the Sun, the 
days are long and sunlight strikes the ground at a nearly perpendicular 
angle, heating the ground efficiently, resulting in that hemisphere’s 
summer season. 

• The circular path that the Sun appears to trace out against the 
background of stars over the course of a year is called the ecliptic and 
the plane of this path is the ecliptic plane. 

• The ecliptic and the celestial equator intersect at only two points, each 
called an equinox, on exactly opposite sides of the celestial sphere. 

• When the Sun appears to cover either of these points—on about 
March 21 is the March equinox and on about September 22 is the 
September equinox —day and night are each 12 hours long at all 
locations on Earth. 

• On the ecliptic between the March and September equinoxes lie the 
northern solstice, the point farthest north that the Sun reaches, and the 
southern solstice, the point farthest south. 

• On the southern solstice at the Arctic Circle, the Sun is below the 
horizon for 24 continuous hours, and at the Antarctic Circle, there is 
24 hours of continuous daylight, while on the northern solstice this is 
reversed. 

• Between the Tropic of Capricorn at 23 V 2 degrees south latitude and 
the Tropic of Cancer at 23 V 2 degrees north latitude, the Sun is 
directly overhead—this is, at the zenith—at high noon at least one 
day a year. 


1-5 The Moon appears to change its position in the sky hourly and its 

phase throughout each month 

• Our Moon orbits the Earth approximately every four weeks, while the 
whole Earth-Moon system orbits the Sun. 

• Our Moon shines not from light of its own, but rather by reflecting 
sunlight. We only see the illuminated portion. 

• The different amounts of the illuminated half of the Moon that we see 
over the course of its orbit are called lunar phases. 

• The phases of the Moon are new moon, waxing crescent moon, first 
quarter moon, waxing gibbous moon, full moon, waning gibbous 
moon, third quarter moon, and waning crescent moon. 

• The Moon takes exactly as long to rotate on its axis as it does to make 
one orbit around Earth, which is called synchronous rotation, and is 
the reason why we always see the same face of the Moon. 

• A sidereal month is the time it takes the Moon to complete one full 
orbit of the Earth as measured with respect to the stars, while the 
synodic month is the time it takes the Moon to complete one cycle as 
measured with respect to the Sun. 

1-6 Eclipses occur only during rarely observed events when the Sun, 

Moon, and Earth are perfectly aligned 

• An eclipse happens when the shadow of the Earth falls on the Moon 
(a lunar eclipse) or when the Moon moves in front of the Sun and the 
shadow of the Moon falls on Earth (a solar eclipse). 

• Eclipses can only happen when the Sun, Earth, and Moon align on 
the same ecliptic plane along a line called the line of nodes. 

• In a lunar eclipse, the shadow of the Earth has two distinct parts: the 
umbra, the darkest part of the shadow where no portion of the 
Moon’s surface can be seen, and the penumbra, with is not quite as 
dark and where a portion of the Moon’s surface is visible. 

• If the Moon travels completely into the umbra, we have a total lunar 
eclipse; if only part of the Moon travels through the umbra, we see a 
partial lunar eclipse; if the Moon travels only through the penumbra, 
we see a penumbral eclipse. 

• Lunar eclipses occur at full moon, and totality, the period when the 
Moon is completely within the Earth’s umbra, can last for more than 
an hour. 

• Because the angular diameter of the Moon is the about same as the 
larger but more distant Sun, the Moon just “fits” over the Sun during 
a total solar eclipse. 

• During an eclipse, the Moon’s penumbra covers a large portion of the 
Earth’s surface, and anyone inside the penumbra sees a partial solar 
eclipse. 

• The eclipse path is widest if the Moon happens to be at perigee, the 
point in its orbit nearest the Earth. 

• If the Moon is at its farthest position from Earth, its apogee, the 
umbra may not reach the Earth, resulting in an annular eclipse. 


Questions < 


Review Questions 

1. What is the difference between a hypothesis and a theory? 



2. How are scientific theories tested? 


3. How are constellations useful to astronomers? How many stars are 
not part of any constellation? 
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4. A fellow student tells you that only those stars in (Figure 1-3 b) that 
are connected by blue lines are part of the constellation Orion. How 
would you respond? 


xOhH/ 
O/ 


5. Why are different stars overhead at 10:00 p.m. on a given 
night than two hours later at midnight? Why are different 
stars overhead at midnight on June 1 than at midnight on 
December 1? 




6. What is the celestial equator? How is it related to Earth’s equator? 
How are the north and south celestial poles related to Earth’s axis of 
rotation? 


7. Where would you have to look to see your zenith? 



8. How do the stars appear to move over the course of the 
night as seen from the north pole? As seen from the 
equator? Why are these two motions different? 


9. Using a diagram, explain why the tilt of Earth’s axis relative to 
Earth’s orbit causes the seasons as we orbit the Sun. 


10. Give two reasons why it’s warmer in summer than in winter. 

11. What are the March and the September equinoxes? What are the 
northern and southern solstices? How are these four points related to 
the ecliptic and the celestial equator? 



12. How does the daily path of the Sun across the sky change 
with the seasons? Why does it change? 


13. Describe how the seasons would be different if Earth’s axis of 
rotation, rather than having its present 2334° tilt, were tilted (a) by 0° 
or (b) by 90°. 

14. Explain the difference between sunlight and moonlight. 

15. Explain why the Moon exhibits phases. 



16. At approximately what time does the Moon rise when it is 
(a) a new moon; (b) a first quarter moon; (c) a full moon; 
(d) a third quarter moon? 


17. If you lived on the Moon, would you see Earth go through phases? If 
so, would the sequence of phases be the same as those of the Moon 
as seen from Earth, or would the sequence be reversed? Explain using 
Figure 1-21. 


18. What is the difference between a sidereal month and a synodic 
month? Which is longer? Why? 


19. What is the difference between the umbra and the 
penumbra of a shadow? 

20. Why doesn’t a lunar eclipse occur at every full moon and a solar 
eclipse at every new moon? 

21. Which type of eclipse—lunar or solar—do you think most people on 
Earth have seen? Why? 


,oRM/ 22. How is an annular eclipse of the Sun different from a total 




eclipse of the Sun? What causes this difference? 


Web Chat Questions 

1. Scientists assume that “reality is rational.” Discuss what this means 
and the thinking behind it. 

2. All scientific knowledge is inherent ly provisional. Discuss whether 
this is a weakness or a strength of the scientific method. 


3. Examine a list of the 88 constellations. Are there any constellations 
whose names obviously date from modern times? Where are these 
constellations located? Why do you suppose they do not have archaic 
names? 

4. In William Shakespeare’s Julius Caesar (act 3, scene 1), Caesar says: 

But I am constant as the northern star, 

Of whose true-fix’d and resting quality 
There is no fellow in the firmament. 

Translate Caesar’s statement about the “northern star” into modern 
astronomical language. Is the northern star truly “constant”? Was the 
northern star the same in Shakespeare’s time (1564-1616) as it is 
today? 

Collaborative Exercises 

1. A scientific theory is fundamentally different from the everyday use 
of the word “theory.” List and describe any three scientific theories of 
your choice and creatively imagine an additional three hypothetical 
theories that are not scientific. Briefly describe what is scientific and 
what is nonscientific about each of these theories. 

2. Using a bright light source at the center of a darkened room or a 
flashlight, use your fist held at arm’s length to demonstrate the 
difference between a full moon and a lunar eclipse. (Use yourself or a 
classmate as Earth.) How must your fist “orbit” Earth so that lunar 
eclipses do not happen at every full moon? Create a simple sketch to 
illustrate your answers. 

3. Imagine you are planning a trip to see a solar eclipse in the future. 
Using the text figure showing when and where solar eclipses are 
visible, which solar eclipse would you most want to go see and why? 

Observing Questions 

1. Install and launch the Starry Night College™ planetarium software. 
There are several guides to the use of this software. As an initial 
introduction, you can run through the step-by-step basics of the 
program by clicking the Sky Guide tab to the left of the main screen 
and then clicking the Starry Night basics hyperlink at the bottom of 
the Sky Guide pane. A more comprehensive guide is available by 
choosing the Student Exercises hyperlink and then the Tutorial 
hyperlink. A User’s Guide to this software is available under the 
Help menu. As a start, you can use this program to determine when 
the Moon is visible today from your location. You can use the 
Hand Tool to explore the sky and search for the Moon by moving 
your viewpoint around the sky. (Hold down the mouse button and 
move the mouse to achieve this motion.) If the Moon is not easily 
seen in your sky at this time, click the Find tab at the top left of the 
main view. The Find pane that opens should contain a list of Solar 
System objects. Ensure that there is no text in the edit box at the 
top of the Find pane. If the message “Search all Databases” is not 
displayed below this edit box, then click the magnifying glass icon 
in the edit box and select Search All from the drop-down menu that 
appears. Click the + symbol to the left of the listing for Earth to 
display The Moon and double-click on this entry in the list in order 
to center the view upon the Moon. (If a message is displayed 
indicating that “The Moon is not currently visible from your 
location,” click on the Best Time button to advance to a more 
suitable time.) You will see that the Moon can be seen in the 
daytime as well as at night. Note that the Time Flow Rate is set to 
lx, indicating that time is running forward at the normal rate. Note 
the phase of the Moon. 

a) Estimate how long it will take before the Moon reaches its full 
phase. Set the Time Flow Rate to 1 minute. 
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b) Find the time of moonset at your location. 

c) Determine which, if any, of the following planets are visible 
tonight: Mercury, Venus, Mars, Jupiter, and Saturn. (Hint: Use 
the Find pane and click on each planet in turn to explore the 
positions of these objects.) Feel free to experiment with Starry 
Night College™. 

2. Use the Starry Night College ™ program to observe the diurnal motion 
of the sky. First, set Starry Night College ™ to display the sky as seen 
from where you live, if you have not already done so. To do this, select 
Viewing Location... in the Options menu and click on the List tab to 
find the name of your city or town. Highlight the name and click the 
Go To Location button. Note the latitude of your location from this 
entry in Viewing Location. Select Options > Other Options > Local 
Horizon... from the menu. In the Local Horizon Options dialog box, 
click on the radio button labeled Flat in the Horizon style section. 

a) If you live in the northern hemisphere, press the “N” key (or 
click the N button in the Gaze section of the toolbar) to set the 
gaze direction to the northern sky. If your location is in the 
southern hemisphere, press the “S” key (or click the S button in 
the Gaze section of the toolbar) to set the gaze direction to the 
south. Select Hide Daylight under the View menu. In order to 
provide a convenient view of the sky for the following 
observation, display the constellation patterns of the sky by 
opening the View menu, clicking on Constellations and selecting 
Astronomical. Open View > Constellations again and switch on 
Labels. In the toolbar, click on the Time Flow Rate control and 
set the time step to 1 minute. Then click the Play button (a 
triangle that points to the right) to run time forward. (The rapid 
motions of artificial Earth-orbiting satellites can prove irritating 
in this view. You can remove these satellites by clicking on View 
> Solar System and turning off Satellites). Do the stars appear to 
rotate clockwise or counterclockwise? Explain this observation 
in terms of the Earth’s rotation. Are any of the stars circumpolar, 
that is, do they stay above your horizon for the full 24 hours of 
a day? 

b) If some stars at your location are circumpolar, adjust time and 
locate a star that moves very close to the horizon during its 
diurnal motion. Click the Stop button and right-click (Ctrl-click 
on a Mac) on the star and then select Show Info from the 
contextual menu to open the Info pane. Expand the Position in 
Sky layer and note the star’s declination (its N-S position on the 
sky, with reference to a coordinate system whose zero value is 
the projection of the Earth’s equator). How is this limiting 
declination, above which stars are circumpolar, related to your 
latitude, noted above? 

i) The limiting declination is equal to the latitude of the 
observer’s location. 

ii) The limiting declination is equal to (90° — latitude) 

iii) There is no relationship between this limiting declination 
and the observer’s latitude. 

c) Now center your field of view on the southern horizon (if you 
live in the northern hemisphere) or the northern horizon (if you 
live in the southern hemisphere) and click Play to resume time 
flow. Describe what you see. Are any of these stars circumpolar? 

3. Use the Starry Night College ™ program to observe the Sun’s motion 
on the celestial sphere. Open the Favourites pane and select 
Investigating Astronomy > Sun. The view shows the entire celestial 
sphere as if you were at the center of a transparent Earth. The view is 
centered upon the Sun and shows the ecliptic, celestial equator, and the 
boundary and name of the constellation in which the Sun is located. 

a) With the Time Flow Rate set to 1 days, click the Play button. 
Observe the Sun for a full year of simulated time. The motion of 


the Earth in its orbit causes this apparent motion. How does the 
Sun appear to move against the background stars? What path 
does it follow? Does it ever change direction? 

b) In the toolbar, click the Now button to return to the current 
date and time. In which constellation is the Sun located today? 

c) Set the Time Flow Rate to 1 days and click the Play button. 
Through which constellations does the Sun appear to move over 
the course of a full year? 

d) Click the Now button in the toolbar and note the constellation 
in which the Sun is located. The Sun (and therefore this 
constellation) is high in the sky at midday at this time of the 
year. Approximately how long do you think it will take for this 
constellation to be high in the sky at midnight? 

4. Use the Starry Night College™ program to observe the motion of the 
Moon. Select Favourites > Investigating Astronomy > Moon from the 
menu. This view shows the entire celestial sphere as seen from the 
center of a transparent Earth. The red line shows the celestial 
equator, the projection of the Earth’s equator on the celestial sphere. 
The green line inclined at an angle to the celestial equator is the 
Ecliptic, or the path along which the Sun appears to move across our 
sky. This is the plane of the Earth’s orbit. The Moon is visible near 
the center of the view. 

a) Advance time in one sidereal day intervals by clicking on the 
Step Time Forward button (the icon consisting of a black 
vertical line and right-pointing triangle to the far right of the 
time controls). You will note that the background sky remains 
fixed, as expected when time moves ahead in sidereal day 
intervals. How does the Moon appear to move against the 
background of stars? Does it ever change direction? 

b) Use the hand tool to adjust the view so that the Moon remains 
visible and use the Step Time Forward button to move forward 
in time to a date when the Moon is on the ecliptic and either full 
or new. What type of eclipse will occur on that date? Confirm 
your answer by comparing with the tables in the textbook or 
with lists of eclipses on the World Wide Web. 

5. Use the Starry Night College ™ program to demonstrate the phases of 
the Moon. From the menu, select Favourites > Investigating 
Astronomy > Moon Phases. In this view, you are looking down upon 
the southern hemisphere of the Earth from a location 69,300 
kilometers above the Earth’s surface with the Earth centered in the 
view. The size of the Moon is greatly exaggerated in this view. The 
face of the Moon in this diagrammatic representation is configured to 
show its phase as seen from the Earth. The inner green circle 
represents the Moon’s orbit around the Earth. Click the - button in 
the Zoom panel of the toolbar to zoom out to a field of view of 191° 
X 191°. In this diagram, the position of the Sun with respect to the 
Earth is shown on the outer green circle, the ecliptic, near to the top 
of the view. In practice, the Sun would be in this direction away from 
the Earth but at a far larger distance away from the Earth-Moon 
system. The time flow rate is set at 20 minutes. Click the Play button 
and observe the relative positions of the Sun, Earth, and Moon and 
the associated phases of the Moon. 

a) Describe the geometry of the Sun, Moon, and Earth when the 
Moon is new. 

b) Describe the geometry of the Sun, Moon, and Earth when the 
phase of the Moon is full. 

c) When the phase of the Moon is at first or third quarter, what is 
the approximate angle at the Moon between the Moon-Sun and 
Moon-Earth lines? 

d) What general term describes the phase of the Moon when the 
angle created by the Moon-Sun and Moon-Earth lines at the 
Moon is less than 90 degrees? 
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e) What general term describes the phase of the Moon when the 
angle between the Moon-Sun and Moon-Earth lines at the 
Moon is greater than 90 degrees? 

6. Use the Starry Night College™ program to observe a lunar eclipse 
from a position in space near the Sun. From the main menu select 
Favourites > Investigating Astronomy > Lunar Eclipse. This view 
from a position near to the Sun shows the Earth and two tan-colored 
circles. The inner circle represents the umbra of the Earth’s shadow 
and the outer circle represents the boundary of the penumbra of the 
Earth’s shadow. 

a) What is the Moon’s phase? 

b) Click the Play button and watch as time flows forward and the 
Moon passes through the Earth’s shadow. Select File > Revert 
from the menu and use the time controls to determine the 
duration of totality to the nearest minute. 

c) Is it possible for a lunar eclipse to have a longer duration of 
totality than the one depicted in this simulation? Explain your 
answer. 

Answers 

ConceptChecks 

ConceptCheck 1-1: While a hypothesis is a testable idea that seems to ex¬ 
plain an observation about nature, a scientific theory represents a set of 
well-tested and internally consistent hypotheses that are able to successfully 
and repeatedly predict the outcome of experiments and observations. 

ConceptCheck 1-2: No, Jupiter does not need to be within the dot-to-dot 
asterism of the bull’s body; rather, Jupiter would only need to be within the 
semirectangular boundaries of the constellation of Taurus. 

ConceptCheck 1-3: As locations on Earth rotate from the dark, nighttime 
side of the planet into the bright, daytime side of the planet, the easternmost 
cities experience sunrise first. New York is the farthest east of the cities 
listed, so the sun rises there first. 

ConceptCheck 1-4: The Sun would still only rise and set once each day, but 
each year would have 3 times more days (365 X 3 = 1095 days each year). 

ConceptCheck 1-5: The celestial equator is an extension of Earth’s equator 
up into the sky. In order for this imaginary line to pass directly overhead, 
one would need to be standing somewhere on Earth’s equator. 

ConceptCheck 1-6: No, they would not; in this imaginary scenario, the Sun 
would rise and set every 12 hours all year long. Earth’s tilted axis means 
that observers at the Earth’s north pole will experience six months where 
the Sun never rises (when it is tilted away from the Sun) and then six months 
when the Sun never sets (when it is tilted toward the Sun). 

ConceptCheck 1-7: The Sun slowly moves toward the eastern part of the 
sky a little each day, taking 3 65Va days to return to the same place it was 
one year earlier. 


ConceptCheck 1-8: As the Sun’s position on the celestial sphere slowly 
moves back and forth between the northern and southern solstice points 
over the course of a year, the noontime Sun will be directly overhead and 
cast no shadow for an observer at Earth’s equator only twice each year, on 
the March and September equinoxes. 

ConceptCheck 1-9: Because the Moon is always illuminated by the Sun, it 
is always half illuminated and half dark. Except in the rare events of eclipses, 
discussed later, the Moon’s apparent changing phases are due to observers 
on Earth seeing differing amounts of the Moon’s half illuminated surface. 

ConceptCheck 1-10: The Moon goes through an entire cycle of phases in 
about four weeks, so if it is currently in the waxing crescent phase, in one 
week it will be in the waxing gibbous phase and after two weeks it will be 
in the waning gibbous phase. 

ConceptCheck 1-11: If the moon is full, then after one week, it would reach 
the third quarter phase and the point that used to be in the center of the 
Moon’s visible surface at full moon would now fall into darkness that would 
last for two weeks. 

ConceptCheck 1-12: Increase. If Earth was moving around the Sun faster 
than it is now, Earth would move farther around the Sun during the Moon’s 
orbit and it would take longer for the Moon to reach the position where it 
was in line with the Sun and Earth, increasing its synodic period. 

ConceptCheck 1-13: Lunar eclipses only occur when the Sun, Earth, and 
Moon are all exactly in a line, the line of nodes. Usually, the full Moon is 
above or below the ecliptic plane of Earth’s orbit around the Sun and misses 
being covered by Earth’s shadow. 

ConceptCheck 1-14: The eclipsing Moon spends more time in the penum- 
bral shadow because the Earth’s penumbra is much larger than the umbra. 

ConceptCheck 1-15: Total solar eclipses are only observed in the small 
region where the Moon’s tiny umbral shadow lands on Earth, whereas when 
the Moon enters Earth’s much larger umbral shadow, anyone on Earth who 
can see the Moon can observe it in Earth’s shadow. 

ConceptCheck 1-16: A total lunar eclipse can last for more than an hour 
whereas a total solar eclipse lasts only a few minutes. 

CalculationChecks 

CalculationCheck 1-1: The Earth rotates once in about 24 hours, so when 
the stars of Cygnus rise in the East at sunset, they take about 12 hours 
to go from one side of the sky to the other. As a result, it takes about one 
half of that time, or 6 hours, for stars of Cygnus to move halfway across 
the sky. 

CalculationCheck 1-2: The northern solstice occurs on about June 21 and 
the March equinox occurs about March 21, so there are about 9 months 
or 270 days between these two events. 
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Different telescopes capture different wavelengths of light from NGC1512, a galaxy of several hundred billion stars. 

(D. Mooz, Tel-Aviv Univ./Columbia Univ., et ai, ESA, NASA) 


Decoding the Hidden 
essages in Starlight 


S unlight illuminates our day and twinkling stars decorate our nighttime 
sky. All the glowing objects in the sky reveal themselves to us, even 
though they are so very far away, by sending their light our way. The 
properties of light are predictable and well understood. In this chapter we’ll 
turn first to the basic properties of light; then we’ll discover how 


astronomers use light to reveal temperature, chemical composition, and 
motion through space of all the glowing objects in the sky. We’ll conclude 
with a discussion of how astronomers capture and enhance starlight, in 
order to study it. 


Key Ideas 


BY READING THE SECTIONS OF THIS CHAPTER, YOU WILL LEARN 


2-1 


(03 


(01 


Light travels through empty space at a speed of nearly 
300,000 km/s 

Glowing objects, like stars, emit an entire spectrum 
of light 

An object’s temperature is revealed by the most intense 
wavelength of its spectrum of light 


CfW% An object’s chemical composition is revealed by the unique 
pattern of its spectrum of light 

ffgl An object’s motion through space is revealed by the precise 
wavelength positions of its spectrum of light 

ffigj Telescopes use lenses, mirrors, and electronics to concentrate 
and capture incoming light for study 
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(SB Light travels through empty space 
at a speed of nearly 300,000 km/s 

When you turn on a flashlight or a laser pointer, how long does it 
take for the beam to move across the room? Most people would 
agree that light moves quite quickly, but how would you actually 
measure this? Consider the following experiment: You and a partner 
stand on opposite sides of a room and point flashlights at one an¬ 
other. The agreement is that you are going to turn your flashlight 
on first, and when your partner receives your flashlight beam, she 
will turn on her flashlight aimed back at you. Your task is to mea¬ 
sure how much time elapses between when you first send a beam 
of light across the room and when you see the other flashlight beam 
travel back to you. Does this seem possible? 

In the early 1600s, Galileo tried to measure the speed of light 
using a similar approach. He and an assistant stood at night on two 
hilltops a known distance apart, each holding a shuttered lantern. 
First, Galileo opened the shutter of his lantern; as soon as his as¬ 
sistant saw the flash of light, he opened his own. Using his pulse as 
a timer, Galileo found that the measured time failed to increase 
noticeably, no matter how distant the assistant was stationed. Gali¬ 
leo therefore concluded—as you most likely did—that the speed of 
light is too high to be measured by slow human reactions. 

Nearly 70 years after Galileo, the Danish astronomer Olaus 
Romer was studying the orbits of the moons of Jupiter by carefully 
timing the moments when they passed into or out of Jupiter’s 
shadow. To Romer’s surprise, the timing of these eclipses of Jupiter’s 
moons seemed to depend on the relative positions of Jupiter and 
the Earth. When the Earth was far from Jupiter (Figure 2-1), the 
eclipses occurred several minutes later than when the Earth was 
close to Jupiter. 

Romer realized that when the Earth is closest to Jupiter, the 
image of a moon disappearing behind Jupiter arrives at our tele¬ 
scopes a little sooner than it does when Jupiter and the Earth are 
farther apart. Romer wasn’t able to actually calculate the speed of 



Figure 2-1 

Romer’s Proof That Light Does Not Travel Instantaneously The timing of eclipses of 
Jupiter’s moons as seen from Earth depends on the Earth-Jupiter distance. Romer correctly 
attributed this effect to variations in the time required for light to travel from Jupiter to 
the Earth. 


light because he didn’t know the exact distances Earth was moving 
closer and farther from Jupiter, but using our modern understanding 
of these distances, Romer’s method yields an impressively correct 
value for the speed of light. 

The speed of light in a vacuum is usually designated by the 
letter c (from the Latin celeritas, meaning “speed”). The current 
accepted value of the speed of light is c — 299,792.458 km/s 
(186,282.397 mi/s) but is slightly slower when traveling through a 
transparent substance such as air, water, or glass. The value in ki¬ 
lometers per second (km/s) is often most useful when comparing c 
to the speeds of objects in space, though the most convenient set of 
units to use for c is different in different situations. The speed of 
light in a vacuum is a universal constant: It has the same value 
everywhere in the cosmos. In most calculations, you can use: 

c = 300,000 km/s 

Indeed, light moves almost unimaginably fast, fast enough to 
circle the Earth almost 7 times in a single second. The speed of light 
in empty space is one of the most important numbers in modern 
physical science. This value appears in many equations that describe 
atoms, gravity, electricity, and magnetism. According to Einstein’s 
special theory of relativity, nothing can travel faster than the speed 
of light. 

( ConceptCheck 2-1:} Why has the speed of light been historically 
so difficult to measure? 

Answer appears at the end of the chapter. 


(JB Glowing objects, like stars, emit an 
entire spectrum of light 

Many people who have felt the warmth of the sunshine on a clear 
summer’s day have wondered, “What is light?” We know that it has 
energy because light “feels” warm when it comes from the Sun. 
What else can we learn about light by studying it? As early as the 
1600s, scientists started to reveal the important characteristics of 
light: that it is a mixture of all the colors of the rainbow; that it 
travels in waves and has electric and magnetic properties; and that 
light visible to the human eye is only one small part of the entire 
spectrum of light. 

Sunlight Is a Mixture of All Colors 

What color is sunlight? Observing the dusk at sunset might per¬ 
suade you to believe that sunlight is reddish-pink. A quick (but 
potentially very harmful!) glance at the Sun through thin clouds 
might lead you change your mind to believe that sunlight is actually 
white. If you hold a piece of white paper in a beam of sunlight, the 
paper appears to be bright white. Alternatively, if you hold a piece 
of blue paper in that same beam of sunlight, the paper appears 
bright blue. The same observation holds true with red paper, green 
paper, and yellow paper. In the end, capturing a ray of sunlight to 
determine its color is tricky indeed. 
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Figure 2-2 

A Prism and a Spectrum When a beam of sunlight passes through a glass prism, the light 
is broken into a rainbow-colored band called a spectrum. 


£<Q ri ^ , Another experimental approach to studying the nature 
^ ls to observe what happens when light is sepa- 

rated into a rainbow of colors, when it reflects off an 
evenly scratched surface, such as a DVD. The same thing can happen 
when light passes through a raindrop, causing a rainbow of colors 
in the sky. However, we can study light more precisely when it 
passes through carefully designed materials, such as a glass prism 
(Figure 2-2). The first recorded experiment on passing light through 
a glass prism was performed by Isaac Newton around 1670. New¬ 
ton was familiar with what he called the “celebrated Phenomenon 
of Colours,” in which a beam of sunlight passing through a glass 
prism spreads out into the colors of the rainbow. This rainbow is 
called a spectrum (plural spectra). 

Until Newton’s time, it was thought that a prism somehow 
added colors to white light. To test this idea, Newton placed a 


second prism so that just one color of the spectrum passed through 
it (Figure 2-3). According to the old thinking, this should have 
caused a further change in the color of the light. But Newton found 
that each color of the spectrum was unchanged by the second prism; 
red remained red, blue remained blue, and so on. These observations 
led him to conclude that a prism merely separates colors and does 
not add color. Hence, the spectrum produced by the first prism dem¬ 
onstrates that sunlight is a mixture of all the colors of the rainbow. 

( ConceptCheck 2-2? ) If you cover a white light with a specially 
designed green plastic gel so that only the green light passes through, 
which color plastic cover gel do you need to add to the pure green 
light to make it change to red? 

Answer appears at the end of the chapter. 



Figure 2-3 

Newton’s Experiment on the Nature of Light In a crucial experiment, Newton took 
sunlight that had passed through a prism and sent it through a second prism. Between the 
two prisms was a screen with a hole in it that allowed only one color of the spectrum 
to pass through. This same color emerged from the second prism. Newton’s experiment 


proved that prisms do not add color to light but merely bend different colors through 
different angles. It also proved that white light, such as sunlight, is actually a combination 
of all the colors that appear in its spectrum. 
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Light Travels in Waves and Is Also 
Called Electromagnetic Radiation 

Newton suggested that light is composed of particles too small to 
detect individually. In 1678, the Dutch physicist and astronomer 
Christiaan Huygens proposed a rival explanation. He suggested that 
light travels in the form of waves rather than as tiny particles. 

Around 1801, Thomas Young in England carried out an ex¬ 
periment that convincingly demonstrated the wavelike aspect of 
light. He passed a beam of light through two thin, parallel slits in 
an opaque screen, as shown in Figure 2-4. On a white surface some 
distance beyond the slits, the light formed a pattern of alternating 
bright and dark bands. Young reasoned that if a beam of light was 
a stream of particles (as Newton had suggested), the two beams 
of light from the slits should simply form bright images of the 
slits on the white surface. The pattern of bright and dark bands 
he observed is just what would be expected, however, if light 
had wavelike properties. An analogy with water waves demon¬ 
strates why. 

ANALOGY Imagine ocean waves pounding against a reef or break¬ 
water that has two openings (Figure 2-5). A pattern of ripples is 
formed on the other side of the barrier as the waves come through 
the two openings and interfere with each other. At certain points, 
wave crests arrive simultaneously from the two openings. These 
reinforce each other and produce high waves. At other points, a 
crest from one opening meets a trough from the other opening. 
These cancel each other out, leaving areas of still water. This process 
of combining two waves also takes place in Young’s double-slit 
experiment: The bright bands are regions where waves from the 
two slits reinforce each other, while the dark bands appear where 
waves from the two slits cancel each other. 

This demonstration of the wave nature of light poses some 
obvious questions. What exactly is “waving” in light? That is, 
what is it about light that goes up and down like water waves on 

Bright bands: 

where light waves from the 
Slits two slits reinforce each other 




where light waves from the 
two slits cancel each other 

Figure 2-4 

Young’s Double-Slit Experiment Thomas Young’s classic double-slit experiment can 
easily be repeated in the modern laboratory by shining light from a laser onto two 
closely spaced parallel slits. Alternating dark and bright bands appear on a screen 
beyond the slits. 



Figure 2-5 

An Experiment with Water Waves The intensity of light on the screen shown in Figure 2-4 
is analogous to the height of water waves that pass through a barrier with two openings. 
(The photograph shows this experiment with water waves in a small tank.) In certain 
locations, wave crests from both openings reinforce each other to produce extra high waves. 
At other locations a crest from one opening meets a trough from the other. The crest and 
trough cancel each other, producing still water. (Eric Schrempp/Photo Researchers) 


the ocean? Because we can see light from the Sun, planets, and 
stars, light waves must be able to travel across empty space. Hence, 
whatever is “waving” cannot be any material substance. What, 
then, is it? 

The answer comes from a seemingly unlikely source—a com¬ 
prehensive theory that described electricity and magnetism. Numer¬ 
ous experiments during the first half of the nineteenth century 
demonstrated an intimate connection between electric and magnetic 
forces. A central idea to emerge from these experiments is the con¬ 
cept of a field, an immaterial yet measurable disturbance of any 
region of space in which electric or magnetic forces are felt. Thus, 
an electric charge is surrounded by an electric field, and a magnet 
is surrounded by a magnetic field. Experiments in the early 1800s 
demonstrated that moving an electric charge produces a magnetic 
field; conversely, moving a magnet gives rise to an electric field. 

In the 1860s, the Scottish mathematician and physicist James 
Clerk Maxwell succeeded in describing all the basic properties of 
electricity and magnetism in just four equations. This mathematical 
achievement demonstrated that electric and magnetic forces are 
really two aspects of the same phenomenon. 

By combining his four equations, Maxwell showed that electric 
and magnetic fields should travel through space in the form of 
waves at a speed of 300,000 km/s—a value exactly equal to the best 
available value for the speed of light. Maxwell’s suggestion that 
these waves do exist and are observed as light was soon confirmed 
by experiments. Because of its electric and magnetic properties, light 
is also called electromagnetic radiation. 

CAUTION You may associate the term radiation with radioactive 
materials like uranium, but this term refers to anything that radiates, 
or spreads away, from its source. For example, scientists sometimes 
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Figure 2-6 

Electromagnetic Radiation AH forms of light consist of alternating 
and oscillating electric and magnetic fields that move through empty 
space at a speed of 300,000 km/s. This figure shows a “snapshot” of 
these fields at one instant. The distance between two successive crests, 
called the wavelength of the light, is usually designated by the Greek 
letter X (lambda). 


refer to sound waves as “acoustic radiation.” Radiation does not 
have to be related to radioactivity! Although some scientists make 
a distinction between light and electromagnetic radiation, for our 
purposes in this book, we use the two interchangeably. 

We now understand light to be electromagnetic radiation con¬ 
sisting of oscillating and alternating electric and magnetic fields, as 
shown in Figure 2-6. Thinking of light in this way allows us to 
describe light in terms of the characteristics of waves. The distance 
between two successive wave crests is called the wavelength of the 
light, usually designated by the Greek letter X (lambda). No matter 
what the wavelength, light always travels at the same speed c = 
300,000 km/s through empty space. 

(ConceptCheck 2-30 Do light waves move up and down or back 
and forth as they move through space? 

Answer appears at the end of the chapter. 

Our Eyes See Only Some of 
the Entire Spectrum of Light 

The human eye is sensitive to only very narrow range of wave¬ 
lengths of light. After Maxwell’s proposals made it clear that there 
are no size restrictions on the possible wavelengths of light, re¬ 
searchers realized that light could and should exist with wavelengths 
both longer and shorter than the range of visible light. Conse¬ 
quently, they began to look for invisible forms of light, forms of 
light to which the cells of the retina in a human eye do not respond. 
As it turns out, when one uses carefully designed sensors, light ap¬ 
pears throughout our universe in a much wider variety of wave¬ 
lengths than were ever imagined to exist. 

In fact, the first kind of invisible light to be discovered actually 
preceded Maxwell’s work by more than a half century. Around 
1800 the British astronomer William Herschel passed sunlight 
through a prism and held a thermometer just beyond the red end 
of the visible spectrum. The thermometer registered a temperature 
increase, indicating that it was being exposed to an invisible form 
of energy. It was only later that this invisible energy, now called 
infrared radiation, was realized to be light with wavelengths some¬ 
what longer than those of visible light. 

In 1888, the German physicist Heinrich Hertz succeeded in 
producing light with even longer wavelengths of a few centimeters 
or more, now known as radio waves, in experiments with electric 
sparks. In 1895, another German physicist, Wilhelm Rontgen, 


invented a machine that produces light with wavelengths shorter 
than 10 nm, now known as X-rays. The X-ray machines in modern 
medical and dental offices are direct descendants of Rontgen’s in¬ 
vention. Over the years, radiation has been discovered with many 
other wavelengths. 

Thus, the range of wavelengths of light our eyes can see, called 
visible light, occupies only a tiny fraction of the full range of pos¬ 
sible wavelengths, collectively called the electromagnetic spectrum 
(Figure 2-7). Gamma rays have the shortest wavelength. A little 
larger are X-rays, which have wavelengths between about 10 and 
0.01 nm. To express such tiny distances conveniently, scientists use 
a unit of length called the nanometer (abbreviated nm), where 1 nm 
is written as 10“ 9 m, which means there are nine digits to the right 
of the decimal place—a very small number indeed. 1 At wavelengths 
just short of visible light, ultraviolet radiation extends from about 
400 nm down to 10 nm. 

Visible light has wavelengths covering the range from about 
400 nm for violet light to about 700 nm for red light. Intermediate 
colors of the rainbow like yellow (550 nm) have intermediate 
wavelengths. 2 * * * 

On the long-wavelength side of visible light, infrared radiation 
covers the range from about 700 nm to 1 mm. Astronomers inter¬ 
ested in infrared radiation often express wavelength in micrometers 
or microns, abbreviated pm, where 1 pm = 10 -3 mm = 10“ 6 m. 
Microwaves have wavelengths from roughly 1 mm to 10 cm, while 
radio waves have even longer wavelengths. 

(ConceptCheck 2-4:) Which form of electromagnetic radiation 
has a wavelength similar to the diameter of your finger? 

Answer appears at the end of the chapter. 

Frequency Relates to the Number of 
Wave Crests Passing by Each Second 

Although wavelength is a common way to distinguish among the 
entire spectrum of light emitted by objects, light can also be de¬ 
scribed in terms of frequency. This is commonly done by astrono¬ 
mers working with radio telescopes who look at the largest 
wavelengths of light. The frequency (f) of a wave is the number of 

1 For a tutorial on scientific notation, go to Appendix 9. 

2 Some astronomers prefer to measure wavelengths in angstroms. One angstrom, 

abbreviated A, is one-tenth of a nanometer: 1 A = 0.1 nm = 10 -10 m. In these 

units, the wavelengths of visible light extend from about 4000 A to about 7000 

A. We will not use these units in this book. 
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Figure 2-7 

The Electromagnetic Spectrum of Light The full array of all types of electromagnetic radio waves to the shortest-wavelength gamma rays. Visible light occupies only a tiny 

radiation is called the electromagnetic spectrum. It extends from the longest-wavelength portion of the full electromagnetic spectrum. 


wave crests that pass a given point in 1 second. Equivalently, it is 
the number of complete cycles of the wave that pass per second 
(a complete cycle is from one crest to the next). The unit of fre¬ 
quency is the cycle per second, also called the hertz (abbreviated 
Hz) in honor of Heinrich Hertz, the physicist who first produced 
radio waves. For example, if 500 crests of a wave pass you in 1 
second, the frequency of the wave is 500 cycles per second or 
500 Hz. 


In working with frequencies, it is often convenient to use the 
prefix mega- (meaning “million,” or 10 6 , and abbreviated M) or 
kilo- (meaning “thousand,” or 10 3 , and abbreviated k). For example, 
AM radio stations broadcast at frequencies between 535 and 
1605 kHz (kilohertz), while FM radio stations broadcast at frequen¬ 
cies in the range from 88 to 108 MHz (megahertz). 

The relationship between the frequency and wavelength of an 
electromagnetic wave is relatively straightforward. Because light in 
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a vacuum moves at a constant speed c — 300,000 km/s, if the wave¬ 
length (distance from one crest to the next) is made shorter, the 
frequency must increase (more of those closely spaced crests pass 
you each second). 

The frequency f of light is inversely related to its wavelength 
X, such that when one is value is large, the other value is small. This 
idea can also be expressed as a simple equation as by 

Frequency and wavelength of an electromagnetic wave 

f=c/X 

f = frequency of an electromagnetic wave (in Hz) 
c = speed of light (in meters/second) = 300,000,000 m/s 
X = wavelength of the wave (in meters) 

That is, the frequency of a wave equals the wave speed divided by 
the wavelength. What this relationship means is that the longest 
wavelengths of light have the lowest frequencies. 

For example, hydrogen atoms in space emit radio waves with 
a wavelength of 21.12 cm. To calculate the frequency of this elec¬ 
tromagnetic wave using the equation c = f X X, we must first 
express the wavelength in meters rather than centimeters: X = 
0.2112 m. Then we can use the above formula to find the fre¬ 
quency f: 

f= clX = 3 X 10 8 m/s/0.2112 m 
= 1.42 X 10 9 Hz = 1420 MHz 

Visible light has a much shorter wavelength and higher fre¬ 
quency than radio waves. You can use the above formula to show 
that for yellow-orange light of wavelength 600 nm, the frequency 
is 5 X 10 14 Hz or, with this many zeros, 500 million megahertz! 

( ConceptCheck 2-5:3 How do the frequencies of the longest 
wavelengths of light compare to the frequencies of the shortest 
wavelengths of light? 

Answer appears at the end of the chapter. 

( CalClllationCheck 2-1:) What is the wavelength of radio waves 
from your favorite FM radio station? 

Answer appears at the end of the chapter. 

Light Has Properties of Both 
Waves and Particles 

Maxwell’s pioneering work in the 1860s isn’t the final chapter in 
the story of understanding the nature of light. Our current under¬ 
standing of light was shaped by the great German-born physicist 
Albert Einstein. In 1905, Einstein realized that light beams aren’t 
continuous; rather, they come in discrete, particlelike packets, or 
light quanta (the plural of quantum, from a Latin word meaning 
“how much”). Further, Einstein proposed that the energy of each 
light quantum—today called a photon—is related to the wave¬ 
length of light: The greater the wavelength, the lower the energy 
of a photon associated with that wavelength. For example, a 


photon of red light (wavelength X = 700 nm) has less energy than 
a photon of violet light (7 = 400 nm). In this picture, light has a 
dual personality; it behaves as a stream of particlelike photons, 
but each photon has wavelike properties. In this sense, the best 
answer to the question “Is light a wave or a stream of particles?” 
is “Yes!” 

Imagining light photons as being both a particle and a wave 
explains a lot. For example, the photon view of light explains why 
only ultraviolet light causes suntans and sunburns. The reason is 
that tanning or burning involves a chemical reaction in the skin. 
High-energy, short-wavelength ultraviolet photons can trigger 
these reactions, but the lower-energy, longer-wavelength photons 
of visible light cannot. Similarly, normal photographic film is sensi¬ 
tive to visible light but not to infrared light; a long-wavelength 
infrared photon does not have enough energy to cause the chemi¬ 
cal change that occurs when film is exposed to the higher-energy 
photons of visible light. To commemorate this great achievement, 
Einstein and other scientists working on the photon nature of light 
won Nobel Prizes for their contributions to understanding the 
nature of light. 

f ConceptCheck 2-6:) If a photon’s wavelength is measured to be 
longer than the wavelength of a green photon, will it have a greater or 
lower energy than a green photon? 

Answer appears at the end of the chapter. 

dE) An object's temperature is revealed 
by the most intense wavelength of its 
spectrum of light 

Understanding the properties of light has been the key astronomers 
need to unlock the mysteries of the universe. In this section, we’ll 
see how astronomers use light to measure the temperature of distant 
objects. 

Infrared Light Can Pass Through Interstellar 
Clouds That Visible Light Cannot 

If light exists in a wide spectrum of forms, the question arises as to 
which objects actually emit light and which do not. Our eyes are 
sensitive to only a very small range of possible wavelengths of light, 
and we often do not realize that almost all objects in the universe 
emit light of one form or another (with the notable exception of 
dark matter, described elsewhere in this book), depending on how 
hot or cool they are. 

Common objects, like your book, or the shoes on your feet, 
are at room temperature, or about 20°C. (Ordinary room tem¬ 
perature is 293 K, 20°C, or 68°F; see Box 2-1, Tools of the As¬ 
tronomer’s Trade: Temperatures and Temperature Scales). They 
are emitting some light, but most likely infrared light, which our 
eyes do not detect. Infrared light is the most typical wavelength 
of light emitted by objects at temperatures common on Earth’s 
surface. The reason you can read your book and see your shoes 
is not that they are glowing with visible light; rather, they are 
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BOX 2-1 


Tools of the Astronomer's Trade 


Temperatures and Temperature Scales 


T hree temperature scales are in common use. Throughout most 
of the world, temperatures are expressed in degrees Celsius 
(°C). The Celsius temperature scale is based on the behavior of 
water, which freezes at 0°C and boils at 100°C at sea level on 
Earth. This scale is named after the Swedish astronomer Anders 
Celsius, who proposed it in 1742. 

Astronomers usually prefer the Kelvin temperature scale. This 
is named after the nineteenth-century British physicist Lord Kelvin, 
who made many important contributions to our understanding of 
heat and temperature. Absolute zero, the temperature at which 
atomic motion is at the absolute minimum, is —273°C in the Cel¬ 
sius scale but 0 K in the Kelvin scale. Atomic motion cannot be any 
less than the minimum, so nothing can be colder than 0 K; hence, 
there are no negative temperatures on the Kelvin scale. Note that 
we do not use degree (°) with the Kelvin temperature scale. 

A temperature expressed in kelvins is always equal to the 
temperature in degrees Celsius plus 273. On the Kelvin scale, 
water freezes at 273 K and boils at 373 K. Water must be heated 
through a change of 100 K or 100°C to go from its freezing point 
to its boiling point. Thus, the “size” of a kelvin is the same as the 
“size” of a Celsius degree. When considering temperature changes, 
measurements in kelvins and Celsius degrees are the same. For 
extremely high temperatures the Kelvin and Celsius scales are 
essentially the same: For example, the Sun’s core temperature is 
either 1.55 X 10 7 K or 1.55 X 10 7 °C. 

The now-archaic Fahrenheit scale, which expresses tempera¬ 
ture in degrees Fahrenheit (°F), is used only in the United States. 
When the German physicist Gabriel Fahrenheit introduced this 
scale in the early 1700s, he intended 100°F to approximate the 
temperature of a healthy human body. On the Fahrenheit scale, 
water freezes at 32°F and boils at 212°F. There are 180 Fahrenheit 
degrees between the freezing and boiling points of water, so a 
degree Fahrenheit is only 100/180 = 5/9 as large as either a Cel¬ 
sius degree or a kelvin. 

Two simple equations allow you to convert a temperature 
from the Celsius scale to the Fahrenheit scale and from Fahrenheit 
to Celsius: 


T = — T + 32 

F 5 c 


T c-j( T ,~ 32 ) 

T p = temperature in degrees Fahrenheit 
T c = temperature in degrees Celsius 

Example: A typical room temperature is 68°F. We can convert 
this to the Celsius scale using the second equation: 

T c = 5/9 (68 - 32) = 20°C 

To convert this to the Kelvin scale, we simply add 273 to the 
Celsius temperature. Thus, 

68° = 20°C = 293 K 

The diagram displays the relationships among these three tem¬ 
perature scales. 


Kelvin Celsius Fahrenheit 



Sun’s core temperature 


Sun’s surface temperature 


Boiling point of water 
Freezing point of water 


Absolute zero 


reflecting visible light in the room into your eyes. In other words, 
your book and shoes are both emitting and reflecting, but different 
wavelengths of light. 

Infrared light is an important part of astronomy because infra¬ 
red light can successfully pass from distant stars through interstellar 
clouds, which visible light cannot penetrate. A visible light camera 
can detect only a very few stars emitting at visible wavelengths from 
the Orion Nebula, whereas the camera that is sensitive to infrared 


light can easily see the infrared light emitted by stars within the 
clouds (Figure 2-8). 

CAUTION The image in Figure 2-8 b is a false-color image. False- 
color images do not represent the true color of the stars shown. 
False color is often used when the image is made using wavelengths 
that the eye cannot detect, as with the infrared image in Figure 2-8. 
A different use of false color is to indicate the relative brightness of 
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Figure 2-8 RIVUXG 

Newborn Stars in the Orion Nebula (a) This visible-light view shows thinner regions 
of the Orion Nebula, (b) This false-color infrared image of the outlined area in (a) reveals 
stars hidden by dust, (a: C. R. O’Dell, 5. K. Wong, and NASA; b: R. Thompson, M. Rieke 
G. Schneider, S. Stolovy, £ Erickson, D. Axon, and NASA) 


different parts of the image, as in the infrared image of a person in 
Figure 2-9. Throughout this book, we’ll always point out when false 
color is used in an image. 

( ConceptCheck 2-7:) Which form of light is being emitted most 
intensely by a frozen ice cube at 0° Celsius? 

Answer appears at the end of the chapter. 

Objects Emit Specific Amounts of Light, 

Revealing Their Temperatures 

The simplest and most common way for any object to produce more 
light is to increase its temperature. The hot wire inside an ordinary 
filament lightbulb emits light because electrical energy causes the 
filament to increase in temperature to thousands of degrees and 
glow more visibly. This relationship between an object’s temperature 
and the way it glows allows astronomers to determine the precise 
characteristics of some of the most distant objects in the universe. 

Imagine a welder or blacksmith heating a bar of iron. As the 
bar becomes hot, it begins to glow deep red, as shown in Figure 



Figure 2-9 RIVUXG 

An Infrared Portrait In this image, made with a camera sensitive to infrared 
radiation, the different colors represent regions of different temperature. Red areas (like 
the man’s face) are the warmest and emit the most infrared light, while blue-green areas 
(including the man’s hands and hair) are at the lowest temperatures and emit the least 
radiation. (Dr. Arthur Tucker/Photo Researchers) 


2-10. (You can see this same glow from the coils of a toaster, or 
from an electric range turned on “high.”) As the temperature rises 
further, the bar begins to give off a brighter, reddish-orange light 
(Figure 2-10 b). At still higher temperatures, it shines brighter and 
changes color to a brilliant yellowish-white light (Figure 2-10c). If 
the bar could be prevented from melting and vaporizing, at ex¬ 
tremely high temperatures it would emit a dazzling blue-white 
light. 

This experiment demonstrates that both the total amount of 
energy emitted by the hot and dense object, and which wavelength 
of light is emitted most intensely, depend directly on the actual 
temperature of the object. The hotter the object, the brighter it is 
and the more energy it emits, and the shorter the wavelength at 
which most of the energy is emitted. Colder objects emit relatively 
little energy, and the wavelength of light that has the maximum 
intensity emitted is primarily at the longer wavelengths. But what 
does this tell us about the stars? If you can measure the wavelength 
of light most intensely emitted from a star that’s far away, you can 
determine its temperature. 

However, if all objects, including stars, emit a wide range of 
wavelengths of light, then how could you determine the relative 
amounts of different forms of light that are being emitted? One 
strategy is to observe glowing objects with cameras designed to de¬ 
tect specific wavelengths of light and then graph the intensity of 
light emitted at various wavelengths for an object by plotting the 
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(a) Hot: glows deep red 


(b) Hotter: glows orange 


(c) Even hotter: glows yellow 


Figure 2-10 RIVUXG 

Heating a Bar of Iron This sequence of photographs shows how the appearance of a the temperature goes up, the dominant wavelength of light emitted by the bar decreases, 

heated bar of iron changes with temperature. As the temperature increases, the bar glows (©1984 Richard Megna/Fundamental Photographs) 

more brightly because it radiates more energy. The color of the bar also changes because as 


wavelength emitted versus the brightness. The resulting graph of this 
spectrum is sometimes called a blackbody curve (Figure 2-11). 

CAUTION A blackbody is an idealized example of a dense object that 
astronomers use as a model. A sample blackbody curve, showing 
brightness versus wavelength, is a graph of an object’s spectrum 
that illustrates the intensity of light at every wavelength emitted at 
a particular temperature. How might this plot be different for dif¬ 
ferent objects? In our experiment “heating the bar of iron,” we 
noticed that as the bar increased in temperature, both its total 
amount of energy increased and the most intense wavelength emit¬ 
ted moved to shorter and bluer colors. As an object’s temperature 
changes, the graph of the spectrum changes accordingly. The higher 
the temperature, the shorter the wavelength of maximum emission 
(at which the curve peaks) and the greater the amount of light emit¬ 
ted at every wavelength (see Figure 2-11). 

This inversely proportional relationship between the tempera¬ 
ture, measured in kelvins, of an emitting object and the maximum 
wavelength of light emitted, measured in meters, is known most 
commonly as Wien’s law, after its originator, Wilhelm Wien. 

Our observations lead to a general rule that helps us measure 
the temperatures of celestial objects such as planets and stars: 

The higher an object’s temperature, the more intensely the object 
emits light and the shorter the wavelength at which it emits light 
most strongly. 

We can express this general rule as a simple mathematical equation 
showing that the maximum wavelength is inversely related to the 
temperature. 

Wien’s law for a blackbody 

0.0029 K m 


l ma x = wavelength of maximum emission of the object (in meters) 
T = temperature of the object (in kelvins) 


The higher the temperature of a blackbody, the 
shorter the wavelength of maximum emission 
(the wavelength at which the curve peaks). 



0 500 1000 2000 3000 


Wavelength (nm)-► 

Figure 2-11 

Blackbody Curves Each of these curves shows the intensity of light at every wavelength 
that is emitted by a blackbody (an idealized case of a dense object) at a particular 
temperature. The rainbow-colored band shows the range of visible wavelengths. The 
vertical scale has been compressed so that all three curves can be seen; the peak intensity 
for the 12,000-K curve is actually about 1000 times greater than the peak intensity for the 
3000-K curve. 
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In other words, the higher the temperature, the shorter the maxi¬ 
mum wavelength emitted. Remember that Wien’s law involves the 
wavelength of maximum emission in meters. If you want to convert 
the wavelength to nanometers, you must multiply the wavelength 
in meters by (10 9 nm)/(l m). 

Figure 2-11 shows that for a dense object at a temperature of 
3000 K, the wavelength of maximum emission is around 1000 nm 
(1 pm). Because this is an infrared wavelength well outside the visi¬ 
ble range, you might think that you cannot see the light emitted 
from an object at this temperature. In fact, the glow from such an 
object is visible; the curve shows that this object emits plenty of light 
within the visible range, as well as at even shorter wavelengths. The 
3000-K curve is quite a bit higher at the red end of the visible spec¬ 
trum than at the violet end, so a dense object at this temperature will 
appear red in color. Similarly, the 12,000-K curve has its wavelength 
of maximum emission in the ultraviolet part of the spectrum, at a 
wavelength shorter than visible light. But such a hot, dense object 
also emits copious amounts of visible light (much more than at 
6000 K or 3000 K, for which the curves are lower) and thus will 
have a very visible glow. The curve for this temperature is higher for 
blue light than for red light, and so the color of a dense object at 
12,000 K is a brilliant blue or blue-white. These conclusions agree 
with the color changes of a heated rod shown in Figure 2-10. The 
same principles apply to stars: A star that looks blue has a high sur¬ 
face temperature, while a red star has a relatively cool surface. 

Figure 2-12 shows the spectral curve for a temperature of 
5800 K. It also shows the intensity curve for light from the Sun, as 
measured from above the Earth’s atmosphere. (This is necessary 
because the Earth’s atmosphere absorbs certain wavelengths.) The 
peak of both curves is at a wavelength of about 500 nm, near the 
middle of the visible spectrum. This is a strong indication that the 
temperature of the Sun’s glowing surface is about 5800 K—a tem¬ 
perature that we can measure across a distance of 150 million 
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Figure 2-12 

The Sun as a Blackbody This graph shows that the intensity of sunlight over a wide range 
of wavelengths (solid curve) is a remarkably close match to the intensity of radiation 
coming from a blackbody at a temperature of 5800 K (dashed curve). The measurements 
of the Suns intensity were made above the Earths atmosphere (which absorbs and scatters 
certain wavelengths of sunlight). It’s not surprising that the range of visible wavelengths 
includes the peak of the Sun’s spectrum; the human eye evolved to take advantage of the 
most plentiful light available. 


kilometers! This is very valuable information for Earth-bound as¬ 
tronomers trying to study the stars. 

Wien’s law is very useful for determining the surface tempera¬ 
ture of stars. It is not necessary to know how far away the star is, 
how large it is, or how much energy it radiates into space. All we 
need to know is the dominant wavelength of the star’s emitted light. 

( ConceptCheck 2-8:} What single piece of information do 
astronomers need to determine if a star is hotter than our Sun? 

Answer appears at the end of the chapter. 

( CalCUlationCheck 2-2:) Which wavelength of light would our Sun 
emit most if its temperature were twice its current temperature of 
5800 K? 

Answer appears at the end of the chapter. 

How Much Energy a Star Emits Is Determined 
by Both Temperature and Surface Area 

Several variables in addition to temperature are involved in deter¬ 
mining how much energy an object emits. They include the object’s 
diameter, mass, and chemical composition. To understand how all 
these aspects work together, let’s first consider how we measure en¬ 
ergy. When we eat food to nourish our human bodies, we absorb 
energy. The amount of energy stored inside food is usually measured 
in calories in the United States. When we talk about stars, we more 
often use joules (J), named after the nineteenth-century English phys¬ 
icist James Joule. A joule is a standard unit for measuring energy and 
is equivalent to the kinetic energy of a 1-kg object moving at 1 m/s. 
The joule is a convenient unit of energy in astronomy because it is 
closely related to the more familiar watt (W): 1 watt is 1 joule per 
second. 3 For example, a 100-watt lightbulb uses energy at a rate of 
100 joules per second, or 100 J/s. As it turns out, the energy content 
of food can also often be measured in joules; in most of the world, 
diet soft drinks are labeled as “low joule” rather than “low calorie.” 

The amount of the star’s total energy output, or its luminosity, 
depends both on its temperature and on its surface area. Just as a 
large burning log radiates much more heat than a burning match, 
even though the temperatures are the same, so do larger stars emit 
more energy than smaller stars, even at the same temperature. So, 
to understand how much energy a star emits, astronomers need to 
do more than measure temperature; they also need to consider the 
surface area of the star. This makes sense: To consider the effects of 
temperature alone, it is convenient to look at the amount of energy 
emitted from each square meter of an object’s surface in a second. 
This quantity is called the energy flux (F). Flux means “rate of flow,” 
and thus F is a measure of how rapidly energy is flowing out of the 
object. 4 

Experimentally, the total amount of energy emitted from an 
object depends only on the temperature and its surface area. In 
fact, the energy flux from glowing objects is highly dependent on 
temperature—more so than anything else. Known as the Stefan- 
Boltzmann law, this idea can be represented using a simple 

3 1 W = 1 J/s = 1 J s -1 . The superscript —1 means you are dividing by that 

quantity. 
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mathematical relationship where the flux emitted by a star is pro¬ 
portional to the fourth power of the object’s temperature (mea¬ 
sured in kelvins). 

Stefan-Boltzmann law for a blackbody 

F = gT 4 * * 

F = energy flux, in joules per square meter of surface per second 
g = a constant = 5.67 x 10“ 8 W m -2 K -4 
T = object’s temperature, in kelvins 

The value of the constant a (the Greek letter sigma) is known from 
laboratory experiments. 

This relationship between temperature and flux emitted is 
incredibly powerful. If you double the temperature of an object 
(for example, from 300 K to 600 K), then the energy emitted from 
the object’s surface each second increases by a factor of 2 4 = 16. 
If you increase the temperature by a factor of 10 (for example, 
from 300 to 3000 K), the rate of energy emission increases by a 
factor of 10 4 = 10,000. Thus, a chunk of iron at room tempera¬ 
ture (around 300 K) emits very little energy at visible wavelengths, 
but an iron bar heated to 3000 K glows quite intensely. When 
astronomers apply the Stefan-Boltzmann law to stars, we are 
able to infer a star’s surface area, and thus its diameter. For ex¬ 
ample, there are some relatively cool stars that are intensely 
bright—the only way a cool star can be very bright is if these 
special stars themselves are gigantic, as deduced from these prin¬ 
ciples. As another example, we find some amazingly hot stars that 
are quite dim; again, the only way this can be is if the star itself 
is quite small. Box 2-2 Tools of the Astronomer’s Trade: Using 
the Laws of Blackbody Radiation gives several examples of ap¬ 
plying Wien’s law and the Stefan-Boltzmann law to typical astro¬ 
nomical problems. 

(ConceptCheck 2-9?) If astronomers observe a red star and a blue 
star in the sky, how do they distinguish which star is at a higher 
temperature? 

Answer appears at the end of the chapter. 

( C alCUlationCheck 2-3:) How many times more energy flux comes 
from a star that is 3 times hotter than the Sun? 

Answer appears at the end of the chapter. 

An object's chemical composition is 
revealed by the unique pattern of its 
spectrum of light 

The development of strategies to measure the temperature of a star 
so distant that we’ll probably never visit is exciting science in and 
of itself, but you might be wondering what these stars, galaxies, and 


4 It is measured in joules per square meter per second, usually written as J/m 2 /s 

or J m -2 s -1 . Alternatively, because 1 watt equals 1 joule per second, we can 

express flux in watts per square meter (W/m 2 , or W m“ 2 ). 


giant interstellar clouds actually are. The astronomer and science 
popularizer Carl Sagan once quipped, “We are all star stuff”—but 
what does that actually mean? How might we determine what star 
stuff really is? 

One strategy would be to send a space probe to the stars and 
do a chemical analysis. Unfortunately, the next star to our solar 
system is trillions of kilometers (trillions of miles) away, too far to 
send a probe. And even if we could send a space probe to a star, it’s 
impossible to get close to stars because, like our Sun, they are far 
too hot. Fortunately, just as light gives us the clues to understand 
temperature, it gives us clues to chemical composition. 

Each Chemical Substance Has a 
Unique Pattern of Spectral Lines 

You might have noticed that fireworks displays often show highly 
varied, glowing colors. What would you see if you could pass these 
colored lights through a prism? Actually, scientists have been study¬ 
ing the light from burning chemicals for more than a century. In the 
mid-1850s, the German chemist Robert Bunsen and the Prussian- 
born physicist Gustav Kirchhoff discovered that the light emitted 
from burning chemicals has a specific appearance when passed 
through a prism. In fact, every chemical substance has its own spe¬ 
cific color spectrum when burned and passed through a prism, 
showing a pattern of thin, bright lines against a dark background 
known as spectral lines (Figure 2-13). The identification of chemical 
substances by the unique patterns of lines in their spectrum is called 
spectroscopy and is a core aspect of contemporary astronomy. Spec¬ 
tral lines are tremendously important in astronomy, because they 
provide reliable evidence about the chemical composition of distant 
objects. 


1. Add a chemical 
substance to a flame 


Figure 2-13 

The Kirchhoff-Bunsen Experiment In the mid-1850s, Gustav Kirchhoff and Robert Bunsen 
discovered that when a chemical substance is heated and vaporized, the spectrum of the 
emitted light exhibits a series of bright spectral lines. They also found that each chemical 
element produces its own characteristic pattern of spectral lines. (In an actual laboratory 
experiment, lenses would be needed to focus the image of the slit onto the screen.) 
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BOX 2-2 


Tools of the Astronomer's Trade 


Using the Laws of Blackbody Radiation 

T he Sun and stars behave like nearly perfect blackbodies. Wien’s 
law and the Stefan-Boltzmann law can therefore be used to 
relate the surface temperature of the Sun or a distant star to the 
energy flux and wavelength of maximum emission of its radiation. 
The following examples show how to do this. 

Example: The maximum intensity of sunlight is at a wavelength 
of roughly 500 nm = 5.0 X 10 -7 m. Use this information to de¬ 
termine the surface temperature of the Sun. 

Situation: We are given the Sun’s wavelength of maximum emis¬ 
sion A, max , and our goal is to find the Sun’s surface temperature, 
denoted by T Q . (The symbol O is the standard astronomical sym¬ 
bol for the Sun.) 

Tools: We use Wien’s law to relate the values of X and T 0 . 

Answer: As written, Wien’s law tells how to find X if we know 
the surface temperature. To find the surface temperature from 
7 max , we fi rst rearrange the formula, then substitute the value 


0.0029 Km 
X 


0.0029 Km 
5.0 X10 -7 m 


= 5800 K 


Review: This is a very high temperature by Earth standards, about 
the same as an iron welding arc. 

Example: Using detectors above the Earth’s atmosphere, astrono¬ 
mers have measured the average flux of solar energy arriving at 
Earth. This value, called the solar constant, is equal to 1370 W m“ 2 . 
Use this information to calculate the Sun’s surface tempera¬ 
ture. (This provides a check on our result from the preceding 
example.) 

Situation: The solar constant is the flux of sunlight as measured 
at the Earth. We want to use the value of the solar constant to 
calculate T Q . 



second the Sun radiates 3.90 X 10 26 joules of energy into space. 
Because we know the size of the Sun, we can compute the energy 
flux (energy emitted per square meter per second) at its surface. 
The radius of the Sun is R Q = 6.96 X 10 8 m, and the Sun’s surface 
area is 47tR 2 . Therefore, its energy flux F Q is the Sun’s luminosity 
(total energy emitted by the Sun per second) divided by the Sun’s 
surface area (the number of square meters of surface): 


F 


4 * R2 o 


3.90 X10 26 W 
4n(6.96 X 10 s m) 2 


= 6.41 X10 7 W m~ 2 


Once we have the Sun’s energy flux F Q , we can use the Stefan- 
Boltzmann law to find the Sun’s surface temperature T Q : 

T q 4 = — = 1.13 X 10 15 K 4 


Tools: It may seem that all we need is the Stefan-Boltzmann law, 
which relates flux to surface temperature. However, the quantity 
F in this law refers to the flux measured at the Sun’s surface, not 
at the Earth. Hence, we will first need to calculate F from the given 
information. 

Answer: To determine the value of F, we first imagine a huge 
sphere of radius 1 AU with the Sun at its center, as shown in the 
figure. Each square meter of that sphere receives 1370 watts of 
power from the Sun, so the total energy radiated by the Sun per 
second is equal to the solar constant multiplied by the sphere’s 
surface area. The result, called the luminosity of the Sun and 
denoted by the symbol L 0 , is L Q = 3.90 X 10 26 W. That is, in 1 


Taking the fourth root (the square root of the square root) of this 
value, we find the surface temperature of the Sun to be T Q = 
5800 K. 

Review: Our result for T Q agrees with the value we computed in 
the previous example using Wien’s law. Notice that the solar con¬ 
stant of 1370 W m“ 2 is very much less than F Q , the flux at the 
Sun’s surface. By the time the Sun’s radiation reaches Earth, it is 
spread over a greatly increased area. 

Example: Sirius, the brightest star in the night sky, has a surface 
temperature of about 10,000 K. Find the wavelength at which 
Sirius emits most intensely. 
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BOX 2-2 (continued) 


Situation: Our goal is to calculate the wavelength of maximum 
emission of Sirius (X ) from its surface temperature T. 

Tools: We use Wien’s law to relate the values of X and T. 

max 

Answer: Using Wien’s law, 


X 


0.0029 Km 
T 


0.0029 Km 

10,000K 


= 2.9 X10 -7 


m = 290 nm 


Review: Our result shows that Sirius emits light most intensely in 
the ultraviolet. In the visible part of the spectrum, it emits more 
blue light than red light (like the curve for 12,000 K in Figure 
2-11), so Sirius has a distinct blue color. 

Example: How does the energy flux from Sirius compare to the 
Sun’s energy flux? 

Situation: To compare the energy fluxes from the two stars, we 
want to find the ratio of the flux from Sirius to the flux from 
the Sun. 


Tools: We use the Stefan-Boltzmann law to find the flux from Sirius 
and from the Sun, which from the preceding examples have sur¬ 
face temperatures 10,000 K and 5800 K, respectively. 

Answer: For the Sun, the Stefan-Boltzmann law is F Q = oT 0 4 , and 
for Sirius we can likewise write F ; , = oT,, 4 , where the subscripts 
O and , refer to the Sun and Sirius, respectively. If we divide one 
equation by the other to find the ratio of fluxes, the Stefan- 
Boltzmann constants cancel out and we get 

F _ T, 4 _ (10,000 k) 4 _ f io,oooY _ o o 
(5800K) 4 5800 J ~ 8 ' 8 

Review: Because Sirius has such a high surface temperature, each 
square meter of its surface emits 8.8 times more energy per second 
than a square meter of the Sun’s relatively cool surface. Sirius is 
actually a larger star than the Sun, so it has more square meters 
of surface area and hence its total energy output is more than 8.8 
times that of the Sun. 


However, to take full advantage of what a spectral analysis can 
tell us, we have to exploit what we now understand about the 
structure of atoms. Why do different atoms each emit their own 
distinctive wavelengths of light? Why is a particular atom only able 
to absorb specific wavelengths of light? Answers to these questions 
did not become clear until astronomers began to use their knowl¬ 
edge of the structure and properties of atoms. 

Electrons Can "Jump" Only to Specific 
Orbits Within Atoms, Creating the 
Particular Sets of Spectral Lines 

You might be surprised to learn that up until only about 100 years 
ago, the inner workings of the atom were mostly unknown. Today, 
we understand that most of an atom’s mass is located in its very 
center. Tiny electrons, nearly without mass, are found in the outer 
extremities, often called electron orbits, while the majority of the 
atom’s volume is empty space. We know that the central mass of an 
atom contains two types of particles, protons and neutrons, but it 
is the behavior of the electrons in the outer extremities of the atom 
that generates light. 

In the early 1900s, physicist Niels Bohr made the rather wild 
assumption that the electron in a hydrogen atom can orbit the 
nucleus only in certain specific orbits. (This was a significant break 
with the ideas of Newton, who predicted that any orbital path 
should be possible.) To be clear, the electrons in an atom do not 
actually move precisely in circular orbits, but thinking of it this way 
is an extremely handy conceptual tool. 

Figure 2-14 shows a hydrogen atom as an example of this 
mental model of an atom. The four smallest orbital paths are labeled 



Figure 2-14 

The Bohr Model of the Hydrogen Atom In this model, an electron circles the hydrogen 
nucleus (a proton) only in allowed orbits n = 1,2,3, and so forth. The first four Bohr orbits 
are shown here. This figure is not drawn to scale; in the Bohr model, the n = 2,3, and 4 
orbits are respectively 4,9, and 16 times larger than the n = 1 orbit. 


by the numbers n — 1,^ = 2, n = 3, and so on. In this example, an 
electron can jump from one of these orbits to another. For an elec¬ 
tron to do this, the hydrogen atom must gain or lose a specific 
amount of energy. Figure 2-15 shows an electron jumping between 
the n = 2 and n = 3 orbits of the hydrogen atom as the atom ab¬ 
sorbs or emits light. (In the case illustrated in Figure 2-15, the par¬ 
ticular wavelength of light is 656.3 nm.) The atom must absorb 
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(a) Atom absorbs a 656.3-nm 

photon; absorbed energy causes 
electron to jump from the n = 2 orbit 
up the n = 3 orbit 



(b) Electron falls from the n = 3 

orbit to the n = 2 orbit; energy lost 
by atom goes into emitting a 
656.3-nm photon 


Figure 2-15 

The Absorption and Emission of an Ha Photon This 
schematic diagram, drawn according to the Bohr model, shows what 
happens when a hydrogen atom (a) absorbs or (b) emits a photon 
whose wavelength is 656.3 nm. 


energy for the electron to go from an inner to an outer orbit (Figure 
2-1 5a); the atom must release energy for the electron to go from an 
outer to an inner orbit (Figure 2-15b). It is these transitions between 
electron orbit positions that help to explain the various spectra 
astronomers observe and to answer our key questions: Why do 
different atoms each emit their own distinctive wavelengths of light? 
Why is a particular atom only able to absorb specific wavelengths 
of light? The most important idea here is that an atom will only 
absorb or emit light if it has the precisely matched wavelength 
necessary to move the electron to a new orbit. There are two con¬ 
sequences to this notion. First, in most circumstances, only light 
with particular wavelengths will be emitted from an atom. Second, 
when light hits an atom, only particular wavelengths of light can 
be absorbed by an atom whereas other wavelengths of light will 
pass through without affecting the atom. 


Kirchhoff’s Laws Explain How Different Types of Spectra Are 
Produced 

Once the nature of the atom was understood, astrono- 
h iH ^ mers were able to generalize three important statements 
about the nature of how spectra are produced, applying 
principles outlined years before by Gustav Kirchhoff, called Kirch¬ 
hoff’s laws. These laws, which are illustrated in Figure 2-16, are as 
follows: 

Law 1 A hot opaque body or a hot, dense gas produces a con¬ 
tinuous spectrum—a complete rainbow of colors without any spec¬ 
tral lines. 

Law 2 A hot, transparent gas produces an emission line 
spectrum—a series of bright spectral lines against a dark 
background. 


Hot blackbody 





(a) Continuous spectrum 
(blackbody emits light at 
all wavelengths) 


(b) Absorption line spectrum 
(atoms in gas cloud absorb 
light of certain specific 
wavelengths, producing 
dark lines in spectrum) 



(c) Emission line spectrum 
(atoms in gas cloud reemit 
absorbed light energy at the 
same wavelengths at which 
they absorbed it) 


^ t, °t 


Figure 2-16 

Continuous, Absorption Line, and Emission 
Line Spectra A hot, opaque body (like a blackbody) emits a 
continuous spectrum of light (spectrum a). If this light is passed 
through a cloud of a cooler gas, the cloud absorbs light of 
certain specific wavelengths, and the spectrum of light that 
passes directly through the cloud has dark absorption lines 
(spectrum b ). The cloud does not retain all the light energy that 
it absorbs but radiates it outward in all directions. The spectrum 
of this reradiated light contains bright emission lines (spectrum 
c) with exactly the same wavelengths as the dark absorption 
lines in spectrum b. The specific wavelengths observed depend 
on the chemical composition of the cloud. 
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Law 3 A cool, transparent gas in front of a source of a continu¬ 
ous spectrum produces an absorption line spectrum—a series of 
dark spectral lines among the colors of the continuous spectrum. 
Furthermore, the dark lines in the absorption spectrum of a particu¬ 
lar gas occur at exactly the same wavelengths as the bright lines in 
the emission spectrum of that same gas. 

Kirchhoff’s laws imply that if a beam of white light is passed 
through a gas, the atoms of the gas somehow extract light of very 
specific wavelengths from the white light. This is a direct conse¬ 
quence of the behavior of electrons in an atom, as described in the 
previous section. Hence, an observer who looks straight through 
the gas at the white-light source will receive light whose spectrum 
has dark absorption lines superimposed on the continuous spectrum 
of the white light (Figure 2-1 6b). The gas atoms then radiate light 
of precisely these same wavelengths in all directions. An observer 
at an oblique angle (that is, one who is not sighting directly through 
the cloud toward the glowing object) will receive only this light radi¬ 
ated by the gas cloud; the spectrum of this light is bright emission 
lines on a dark background (Figure 2-16c). 

CAUTION Figure 2-16 shows that light can either pass through a 
cloud of gas or be absorbed by the gas. But there is also a third 
possibility: The light can simply bounce off the atoms or molecules 
that make up the gas, a phenomenon called light scattering. In other 
words, photons passing through a gas cloud can miss the gas atoms 
altogether, be swallowed whole by the atoms (absorption), or 
bounce off the atoms like billiard balls colliding (scattering). Box 
2-3 The Heavens on the Earth: Light Scattering describes how light 
scattering explains the blue color of the sky and the red color of 
sunsets. 

Whether an emission line spectrum or an absorption line 
t. spectrum is observed from a gas cloud depends on the 

relative temperatures of the gas cloud and its back¬ 
ground. Absorption lines are seen if the background is hotter than 
the gas, and emission lines are seen if the background is cooler. 

For example, if sodium is placed in the flame of a Bunsen 
burner in a darkened room, the flame will emit a characteristic 
orange-yellow glow. (This same glow is produced if we use ordinary 
table salt, which is a compound of sodium and chlorine.) If we look 
at the light from the flame through a prism, we observe an emission 
line spectrum with two closely spaced spectral lines at wavelengths 
of 588.99 and 589.59 nm in the orange-yellow part of the spectrum 
(see Figure 2-7). 

What is truly remarkable about spectroscopy is that it can 
determine chemical composition at any distance. The 656-nm red 
light produced by a sample of heated hydrogen gas on Earth is the 
same as that observed coming from NGC 2363 in Figure 2-17, 
located about 10 million light-years away. 

Liquids, Solids, and Dense Gases All 
Can Produce Continuous Spectra 

We have seen that changes to an electron’s orbit explains the emis¬ 
sion line spectra and absorption line spectra of gases. But how can 
that explain the continuous spectra produced by dense objects like 



Figure 2-17 RIVUXG 

The Nebula NCG 2363 The glowing gas cloud in this Hubble Space Telescope image lies 
within a galaxy in the constellation Camelopardalis. Hot stars within the nebula emit 
high-energy, ultraviolet photons, which are absorbed by the surrounding gas and heat the 
gas to high temperature. This heated gas produces light with an emission line spectrum. 
The particular wavelength of red light emitted by the nebula is 656 nm, characteristic of 
hydrogen gas. (L. DrissenJ.-R. Roy, and C. Robert/Departement de Physique and 
Observatorie du Mont Megantic, Universite Laval; and NASA) 


the filament of a lightbulb or the heated coils of a toaster? These 
objects are also made of atoms, so why don’t they emit light with 
an emission line spectrum characteristic of the particular atoms of 
which they are made? 

The reason is directly related to the difference between a thin 
gas on the one hand and a dense gas on the other. In a thin gas, 
atoms are widely separated and can emit light without interference 
from other atoms. But in the case of a dense gas, atoms are so close 
that they almost touch, and thus these atoms interact strongly with 
each other. (In fact, a liquid and a solid can act like glowing dense 
gas when heated to a high enough temperature.) These closely 
packed atom-to-atom interactions interfere with the process of 
emitting light. As a result, the pattern of distinctive bright spectral 
lines that the atoms would emit in isolation becomes “smeared out” 
into a continuous spectrum. 

(ConceptCheck 2-10p What type of spectra would result from a 
glowing field of hot, dense lava as viewed by an orbiting satellite 
through Earth’s atmosphere? 

Answer appears at the end of the chapter. 
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BOX 2-3 


The Heavens on Earth 


Light Scattering 

L ight scattering is the process whereby photons bounce off par¬ 
ticles in their path. These particles can be atoms, molecules, or 
clumps of molecules. You are reading these words using photons 
from the Sun or a lamp that bounced off the page—that is, were 
scattered by the particles that make up the page. 

An important fact about light scattering is that very small 
particles—ones that are smaller than a wavelength of visible 
light—are quite effective at scattering short-wavelength photons 
of blue light, but less effective at scattering long-wavelength 


The atmosphere scatters 
blue light more effectively 
than red light—hence 
mostly blue light reaches 
your eye when you look 
at the sky. 



(a) Why the sky looks blue 


Blue 



The atmosphere scatters blue light 
more effectively than red light— 
hence mostly red light reaches 
your eye when you look through 
a thick slice of atmosphere at the 
setting Sun. 



(b) Why the setting Sun looks red 


photons of red light. This fact explains a number of phenomena 
that you can see here on Earth. 

The light that comes from the daytime sky is sunlight that 
has been scattered by the molecules that make up our atmosphere 
(see part a of the figure). Air molecules are less than 1 nm across, 
far smaller than the wavelength of visible light, so they scatter 
blue light more than red light—which is why the sky looks blue. 
Smoke particles are also quite small, which explains why the 
smoke from a cigarette or a fire has a bluish color. 

Distant mountains often appear blue thanks to sunlight being 
scattered from the atmosphere between the mountains and your 
eyes. (The Blue Ridge Mountains, which extend from Pennsylva¬ 
nia to Georgia, and Australia’s Blue Mountains derive their names 
from this effect.) Sunglasses often have a red or orange tint, which 
blocks out blue light. This cuts down on the amount of scattered 
light from the sky reaching your eyes and allows you to see distant 
objects more clearly. 

Light scattering also explains why sunsets are red. The light 
from the Sun contains photons of all visible wavelengths, but as 
this light passes through our atmosphere the blue photons are 
scattered away from the straight-line path from the Sun to your 
eye. Red photons undergo relatively little scattering, so the Sun 
always looks a bit redder than it really is. When you look toward 
the setting sun, the sunlight that reaches your eye has had to pass 
through a relatively thick layer of atmosphere (part b of the fig¬ 
ure). Hence, a large fraction of the blue light from the Sun has 
been scattered, and the Sun appears quite red. 

The same effect also applies to sunrises, but sunrises seldom 
look as red as sunsets do. The reason is that dust is lifted into the 
atmosphere during the day by the wind (which is typically stron¬ 
ger in the daytime than at night), and dust particles in the atmo¬ 
sphere help to scatter even more blue light. 

If the small particles that scatter light are sufficiently con¬ 
centrated, there will be almost as much scattering of red light as 
of blue light, and the scattered light will appear white. This ex¬ 
plains the white color of clouds, fog, and haze, in which the 
scattering particles are ice crystals or water droplets. Whole milk 
looks white because of light scattering from tiny fat globules; 
nonfat milk has only a very few of these globules and so has a 
slight bluish cast. 

Light scattering has many applications to astronomy. Lor 
example, it explains why very distant stars in our Galaxy appear 
surprisingly red. The reason is that there are tiny dust particles 
in the space between the stars, and this dust scatters blue pho¬ 
tons. By studying how much scattering takes place, astronomers 
have learned about the tenuous material that fills interstellar 
space. 
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(££)> An object's motion through space is 

revealed by the precise wavelength positions 
of its spectrum of light 

Often, astronomical reports in the media describe the speed at 
which astronomical objects are moving. Or, Hollywood takes a turn 
at illustrating science and impending doom is imminent because of 
the asteroid or meteor speeding our way. How might one go about 
determining the speed of a star moving through space? If the star 
is moving side to side, one could reasonably hope to simply measure 
how far it moves in a particular amount of time. But, what if the 
object is moving toward us or away from us? Fortunately, in addi¬ 
tion to telling us about temperature and chemical composition, the 
spectrum of a planet, star, or galaxy can also reveal something about 
that object’s motion through space. 

Exploiting the Doppler Effect 

In 1842, Christian Doppler, a professor of mathematics in Prague, 
pointed out that the observed wavelength of light must be affected 
by motion. Figure 2-18 shows why. In this figure, a light source is 
moving from right to left, and the circles represent the crests of 
waves emitted from the moving source at various positions. Each 
successive wave crest is emitted from a position slightly closer to 
the observer on the left, so she sees a shorter wavelength—the dis¬ 
tance from one crest to the next—than she would if the source were 
stationary. All the lines in the spectrum of an approaching source 
are shifted toward the short-wavelength (blue) end of the spectrum. 
This phenomenon is called a blueshift. 

The source is receding from the observer on the right in Figure 
2-18. The wave crests that reach him are stretched apart, so that 
he sees a longer wavelength than he would if the source were 
stationary. All the lines in the spectrum of a receding source are 
shifted toward the longer-wavelength (red) end of the spectrum, 
producing a redshift. In general, the effect of relative motion on 
wavelength is called the Doppler effect. Police radar guns use 
the Doppler effect to check for cars exceeding the speed limit: The 
radar gun sends a radio wave toward the car, and measures 
the wavelength shift of the reflected wave (and thus the speed of 
the car). 

ANALOGY You have probably noticed a similar Doppler effect for 
sound waves. When a police car is approaching, the sound waves 
from its siren have a shorter wavelength and higher frequency than 
if the siren were at rest, and hence you hear a higher pitch. After 
the police car passes you and is moving away, you hear a lower 
pitch from the siren because the sound waves have a longer wave¬ 
length and a lower frequency. 

CAUTION The redshifts and blueshifts of stars visible to the naked 
eye, or even through a small telescope, are only a small fraction of 
a nanometer. These tiny wavelength changes are far too small to 
detect visually. (Astronomers were able to detect the tiny Doppler 
shifts of starlight only after they had developed highly sensitive 
equipment for measuring wavelengths. This was done around 1890, 
a half-century after Doppler’s original proposal.) So if you see a star 


Wave crest 1: emitted when 
ight source was at S 1 

Wave crest 2: emitted when 
ight source was at S 2 

Wave crests 3 and 4: 
emitted when light 
source was at S 3 and 
) 4 , respectively 



This observer 
sees blueshift 



This observer 
sees redshift 


Figure 2-18 

The Doppler Effect The wavelength of light is affected by motion between the light 
source and an observer. The light source shown here is moving, so wave crests 1,2, etc., 
emitted when the source was at points S r S 2 , etc., are crowded together in front of the 
source but are spread out behind it. Consequently, wavelengths are shortened (blueshifted) 
if the source is moving toward the observer and lengthened (redshifted) if the source is 
moving away from the observer. Motion perpendicular to an observers line of sight does 
not affect wavelength. 


with a red color, it means that the star really is red; it does not mean 
that it is moving rapidly away from us. 

The Doppler effect is an important tool in astronomy because 
it uncovers basic information about the motions of planets, stars, 
and galaxies. For example, the rotation of the planet Venus was 
deduced from the Doppler shift of radar waves reflected from its 
cloud-shrouded surface. Small Doppler shifts in the spectrum of 
sunlight have shown that the entire Sun is vibrating like an immense 
gong. The back-and-forth Doppler shifting of the spectral lines of 
certain stars reveals that these stars are being orbited by unseen 
companions; from this astronomers have discovered planets around 
other stars and massive objects that may be black holes. This is only 
one of many examples of how Doppler’s discovery has empowered 
astronomers in their quest to understand the universe. 

Doppler proved that the wavelength shift (AA) is governed by 
the following simple equation for objects moving at speeds much 
less than the speed of light: 

Doppler shift equation 

AX v 



AX = wavelength shift 

X Q = wavelength if source is not moving 

v = velocity of the source measured along the line of sight 

c = speed of light = 3.0 x 10 5 km/s 

CAUTION The capital Greek letter A, or delta, is commonly used to 
denote a change in the value of a quantity. Thus, AX is the change 
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in the wavelength X due to the Doppler effect. It is not equal to a 
quantity A multiplied by a second quantity X! 

So far in this chapter we have glimpsed how much can be 
learned by analyzing light from the heavens. To analyze this light, 
however, it is first necessary to collect as much of it as possible, 
because most light sources in space are very dim. Collecting the 
faint light from distant objects is a key purpose of telescopes. 

ConceptCheck 2-11:3 How is the spectrum changed when looking 
at an emission spectrum from an approaching cloud of interstellar gas 
as compared to a stationary cloud? 

Answer appears at the end of the chapter. 

C alCUlationCheck 2-4:) How fast and in what direction is a star 
moving if it has a line that shifts from 486.2 nm to 486.3 nm? 

Answer appears at the end of the chapter. 

(£51$ Telescopes use lenses, mirrors, and 

electronics to concentrate and capture 
incoming light for study 

Understanding what information is carried by light is only half the 
challenge of the enterprise of astronomy. The other half involves 
capturing this light so it can be decoded. In this section we will first 
cover the basic properties and functions of telescopes, as well as the 
new technologies that have moved us forward. Next, we will cover 
the telescopes in space. We’ll conclude with a discussion of the 
advances in our technological abilities to capture and record light. 


Telescopes Gather Light 

The most common belief about telescopes is that astronomers use 
telescopes to magnify stars so that they can be studied. As it turns 
out, almost all telescopes show stars to be tiny pinpoints of light— 
regardless of the amount of magnification used. This is because 
stars are so very, very far away that magnification isn’t very help¬ 
ful. On the other hand, telescopes are useful because they can 
capture light from very distant and dim objects and can collect 
and focus starlight from otherwise very dim stars into a central 
place to be studied. To aid in this effort of trying to make dim 
objects appear bright enough to be carefully studied, astronomers’ 
telescopes are constructed to have as much light-gathering ability 
as possible. 

The most important dimension of a telescope is its diameter. 
Compared with a small-diameter telescope, a large-diameter tele¬ 
scope captures more light, produces brighter images, and allows 
astronomers to detect fainter objects. (For the same reason, the iris 
of your eye opens when you go into a darkened room to allow you 
to better see dimly lit objects.) 

The light-gathering power of a telescope is directly related to 
the size of its objective lens, the gathering area. In other words, the 
wider across your telescope’s objective lens is, the more light it can 
gather. Mathematically, the area of a telescope’s objective lens is 
directly related to the square of the telescope’s diameter (Figure 
2-19). Thus, if you double the diameter of the telescope, the light¬ 
gathering power increases by a factor of 2 2 = 2 X 2 = 4. Because 
light-gathering power is so important for seeing faint objects, the 
telescope’s diameter is almost always given in describing a telescope. 
For example, the Lick telescope on Mount Hamilton in California 
is 90 cm in diameter. By comparison, Galileo’s telescope of 1610 
was a much smaller 3 cm across. The Lick telescope is 30 times 





Small-diameter objective lens: 
dimmer image, less detail 



Large-diameter objective lens: 
brighter image, more detail 


Figure 2-19 RIVUXG 

Light-Gathering Power These two photographs of the galaxy M31 
in Andromeda were taken using the same exposure time and at the 
same magnification, but with two different telescopes, which had 
objective lenses of different diameters. The right-hand photograph 
is brighter and shows more detail because it was made using the 
large-diameter lens, which intercepts more starlight than a small- 
diameter lens. This same principle applies to telescopes that use 
curved mirrors rather than lenses to collect light (see Section 2-6). 
(Association of Universities for Research in Astronomy) 
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larger in diameter, and so has 30 X 30 = 900 times the light¬ 
gathering power of Galileo’s instrument. 

( ConceptCheck 2-12: ) if someone says they are using an 8-inch 
telescope, which dimension of the telescope’s size are they most likely 
referring to? 

Answer appears at the end of the chapter. 

Refracting Telescopes Use a Lens to 
Concentrate Incoming Light at a Focal Point 

Which strategies can makers of telescopes use to gather and concen¬ 
trate light to a central point? One is to use glass lenses, similar to 
those found in a common magnifying glass. In fact, the first tele¬ 
scopes recorded in history, those invented in the Netherlands in the 
early seventeenth century and the ones Galileo used for his ground¬ 
breaking astronomical observations, used lenses to make distant ob¬ 
jects appear brighter and, in the case of the planets, somewhat larger. 

Lenses can be large or small, thick or thin, clear or coated, glass 
or plastic. Regardless of their exact specifications, lenses are char¬ 
acterized by how much they bend light, like the lens in Figure 2-20. 
When a beam of light rays passes through a lens, all of the light 
converges to a single point. The distance from the lens to this special 
point is called the focal length of the lens. In order to view the image 
visually, a second lens to magnify the image is added. Such an ar¬ 
rangement of two lenses is called a refracting telescope, or refractor 
(Figure 2-21). The large-diameter, long-focal-length lens at the front 


of the telescope, called the objective lens, forms the image; the 
smaller, shorter-focal-length lens at the rear of the telescope, called 
the eyepiece lens, magnifies the image for the observer. 

CConceptCheck 2-13:} If a thick lens is able to bend light more 
than a thin lens, which lens has a greater focal length? 

Answer appears at the end of the chapter. 

Magnification The ability of the two lenses working in concert not 
only provides a brighter image, but also a slightly larger one. As an 
example, the Moon as viewed with the naked eye is much smaller 
across than when viewed with even a small telescope. When Galileo 
viewed the Moon through his telescope, the moon appeared large 
enough so that he could identify craters and mountain ranges. The 
magnifying power, or magnification, of a telescope is the ratio of 
how big an object is when seen through the telescope compared to 
its naked-eye size. 

The magnification of a refracting telescope depends on 
the focal lengths of both of its lenses: 

focal length of objective lens 

Magnification =- : - 

focal length of eyepiece lens 

This formula shows that using a long-focal-length objective 
lens with a short-focal-length eyepiece gives a large magnification. 
Box 2-4, Tools of the Astronomer’s Trade: Magnification and Light- 
Gathering Power illustrates how this formula is used. 


Figure 2-20 

Refraction and Lenses (a) Refraction is the change in direction of 
a light ray when it passes into or out of a transparent medium such 
as glass. When light rays pass through a flat piece of glass, the two 
refractions bend the rays in opposite directions. There is no overall 
change in the direction in which the light travels, (b) If the glass is in the 
shape of a convex lens, parallel light rays converge to a focus at a special 
point called the focal point. The distance from the lens to the focal 
point is called the focal length of the lens. 



(a) (b) 




Figure 2-21 

A Refracting Telescope A refracting telescope consists 
of a large-diameter objective lens with a long focal length and a 
small eyepiece lens of short focal length. The eyepiece lens magnifies 
the image formed by the objective lens in its focal plane (shown as a 
dashed line). To take a photograph, the eyepiece is removed and the 
film or electronic detector is placed in the focal plane. 
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BOX 2-4 Tools of the Astronomer's Trade 

Magnification and Light-Gathering Power 


T he magnification of a telescope is equal to the focal length of 
the objective divided by the focal length of the eyepiece. Tele¬ 
scopic eyepieces are usually interchangeable, so the magnification 
of a telescope can be changed by using eyepieces of different focal 
lengths. 

Example: A small refracting telescope has an objective of focal 
length 120 cm. If the eyepiece has a focal length of 4.0 cm, what 
is the magnification of the telescope? 

Situation: We are given the focal lengths of the telescope’s objec¬ 
tive and eyepiece lenses. Our goal is to calculate the magnification 
provided by this combination of lenses. 

Tools: We use the relationship that the magnification equals the 
focal length of the objective (120 cm) divided by the focal length 
of the eyepiece (4.0 cm). 

Answer: Using this relationship, 

120 cm 

Magnification =-= 30 (usually written as 30X) 

4.0 cm 

Review: A magnification of 30X means that as viewed through 
this telescope, a large lunar crater that subtends an angle of 1 
arcminute to the naked eye will appear to subtend an angle 30 
times greater, or 30 arcminutes (one-half of a degree). This makes 
the details of the crater much easier to see. 

If a 2.0-cm-focal-length eyepiece is used instead, the magni¬ 
fication will be (120 cm)/(2.0 cm) = 60X. The shorter the focal 
length of the eyepiece, the greater the magnification. 

The light-gathering power of a telescope depends on the di¬ 
ameter of the objective lens; it does not depend on the focal length. 
The light-gathering power is proportional to the square of the 
diameter. As an example, a fully dark adapted human eye has a 
pupil diameter of about 5 mm. By comparison, a small telescope 
whose objective lens is 5 cm in diameter has 10 times the diameter 
and 10 2 = 100 times the light-gathering power of the eye. (Recall 
that there are 10 mm in 1 cm.) Hence, this telescope allows you 


to see objects 100 times fainter than you can see without a 
telescope. 

Example: The same relationships apply to reflecting telescopes, 
discussed in Section 2-6. Each of the two Keck telescopes on 
Mauna Kea in Hawaii (discussed in Section 2-6; see Figure 2-32) 
uses a concave mirror 10 m in diameter to bring starlight to a 
focus. How many times greater is the light-gathering power of 
either Keck telescope than that of the human eye? 

Situation: We are given the diameters of the pupil of the human 
eye (5 mm) and of the mirror of either Keck telescope (10 m). Our 
goal is to compare the light-gathering powers of these two optical 
instruments. 

Tools: We use the relationship that light-gathering power is pro¬ 
portional to the square of the diameter of the area that gathers 
light. Hence, the ratio of the light-gathering powers is equal to 
the square of the ratio of the diameters. 

Answer: We first calculate the ratio of the diameter of the Keck 
mirror to the diameter of the pupil. To do this, we must first 
express both diameters in the same units. Because there are 
1000 mm in 1 meter, the diameter of the Keck mirror can be 
expressed as 

1000 mm 

10 m X -= 10,000 mm 

lm 

Thus, the light-gathering power of either of the Keck tele¬ 
scopes is greater than that of the human eye by a factor of 

(l 0,000 mm) 2 , n2 
^— (2000) =4 X10 6 = 4,000,000 
(5 mm) 

Review: Either Keck telescope can gather 4 million times as much 
light as a human eye. When it comes to light-gathering power, the 
bigger the telescope, the better! 


Drawbacks of Refracting Telescopes When building extremely large 
telescopes with enormous light-gathering power, there are several 
negative aspects of refractors that even the finest optician cannot 
overcome. First, because faint light must readily pass through the 
objective lens first, the glass from which the lens is made must be 
totally free of defects, such as the bubbles that frequently form when 
molten glass is poured into a mold. Such defect-free glass is extremely 
expensive. Second, glass is opaque to certain kinds of light. Ultravio¬ 
let light is absorbed almost completely, and even visible light is 
dimmed substantially as it passes through the thick slab of glass that 


makes up the objective lens. Third, it is impossible to produce a large 
lens that bends light of all wavelengths in equal amounts. Fourth, 
because glass lenses are extremely heavy, yet can be supported only 
around their edges, they can sag and distort under their own weight. 
This has dramatically negative effects on the image clarity. 

( ConceptCheck 2-14: ) How do the eyepieces with the largest 
focal length affect a telescope’s overall magnification? 

Answer appears at the end of the chapter. 

















54 


CHAPTER 2 


Reflecting Telescopes Use a Mirror to 
Concentrate Incoming Light at a Focal Point 

The second and more efficient approach telescope makers use to 
gather and focus light is to use curved mirrors rather than lenses. 
A telescope that uses a curved mirror to make an image of a distant 
object is called a reflecting telescope, or reflector. Using terminology 
similar to that used for refractors, the mirror that forms the image 
is called the objective mirror, or primary mirror. In much the same 
way that a glass lens is able to concentrate light at a single point, a 
curved mirror also has a point at which light comes together at the 
focal length from the primary mirror. Telescope mirrors are com¬ 
monly made from shaped glass with silver, aluminum, or a similar 
highly reflective substance applied to make them reflective. 

Because light reflects off the surface of the glass rather than 
passing through it, defects within the glass—which would have 
very negative consequences for the objective lens of a refracting 
telescope—have no effect on the optical quality of a reflecting tele¬ 
scope. Telescopes can be made much larger when made from mir¬ 
rors than when made from glass. More importantly, these giant 
mirrors can be made out of materials that are significantly lighter 
and more durable than heavy glass, making them easier to point 
and less delicate to clean. 

Although a reflecting telescope has many advantages over a 
refractor, the arrangement shown in Figure 2-22 is not ideal. One 
problem is that the focal point is in front of the objective mirror. If 
you try to view the image formed at the focal point, your head will 
block part or all of the light from reaching the mirror. To get around 


this, the light is usually directed out of the telescope after bouncing 
off the primary mirror, often by the use of additional, or secondary, 
mirrors. 

As of 2010, there were 13 optical reflectors in operation with 
primary mirrors between 8 meters (26.2 feet) and 11 meters (36.1 
feet) in diameter. Figure 2-23 a shows the objective mirror of one of 
the four Very Large Telescope (VLT) units in Chile, and Figure 2-23 b 
shows the objective and secondary mirrors of the Gemini North 
telescope in Hawaii. A near-twin of Gemini North, called Gemini 
South, is in Cerro Pachon, Chile. These twins allow astronomers to 
observe both the northern and southern parts of the celestial sphere 
with essentially the same state-of-the-art instrument. Two other 
“twins” are the side-by-side 8.4-m objective mirrors of the Large 
Binocular Telescope in Arizona. Combining the light from these two 
mirrors gives double the light-gathering power, equivalent to a 
single 11.8-m mirror. 

Several other reflectors around the world have objective mirrors 
between 3 and 6 meters in diameter, and dozens of smaller but still 
powerful telescopes have mirrors in the range of 1 to 3 meters. There 
are thousands of professional astronomers, each of whom has sev¬ 
eral ongoing research projects, and thus the demand for all of these 
telescopes is high. On any night of the year, nearly every research 
telescope in the world is being used to explore the universe. 

( ConceptCheck 2-15:} In large sizes, which type of telescope can 
be made lightest and most inexpensively? 

Answer appears at the end of the chapter. 


Figure 2-22 RIVUXG 
Reflecting Telescopes (a) In a 
reflecting telescope, the image 
made by the objective is moved 
from point 1 to point 2 by means of 
a flat mirror called the secondary. 
An eyepiece magnifies this image, 
just as for a refracting telescope 
(Figure 2-21). (b) This is a replica of 
a telescope built by Isaac Newton 
in 1672. The objective mirror is 3 
cm (1.3 inches) in diameter and 
the magnification is 40X. (Royal 
Greenwich Observatory/Science 
Photo Library) 
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(b) A large Cassegrain telescope 


(a) A large objective mirror 

Figure 2-23 RIVUXG 

Modern Reflecting Telescopes (a) This photograph shows technicians preparing an 
objective mirror 8.2 meters in diameter for the European Southern Observatory in Chile. 
The mirror was ground to a curved shape with a remarkable precision of 8.5 nanometer. 


(b) This view of the Gemini North telescope shows its 8.1-meter objective mirror (1). Light 
incident on this mirror is reflected toward the 1.0-meter secondary mirror (2), then through 
the hole in the objective mirror (3) to the focus point, (a: SAGEM; b: NO A O/A URA/NSF) 


Recent Advances in Technology Dramatically 
Improve Telescope Performance and Place 
Telescopes Above Earth's Atmosphere 


If telescopes can make dim objects appear brighter so 
^ the y can b e studied more carefully, telescopes can also 
make objects clearer. Imagine one night that you are 
watching the headlights of very distant cars and motorcycles slowly 
moving toward you. For the most distant of cars, it is difficult to 
distinguish the twin headlights on a car from the single headlight 
of a motorcycle. In fact, it is only when the vehicles get relatively 
close to you that you can determine which are double headlighted 
cars and which are single headlighted motorcycles. Just how close 
do these cars need to be for you to resolve the headlights as single 
or double? Your ability to see two glowing objects as distinct and 
separate light sources is called angular resolution, and it gauges how 
well fine details can be seen. Because of the blurring effects of 
Earth’s surrounding atmosphere, the resolution of a telescope can 
be limited when trying to observe two stars very close to one an¬ 
other or to see fine details on a planet’s surface. 

When you are asked to read the letters on an eye chart, essen¬ 
tially what is being measured is the angular resolution of your eye. 
If you have 20/20 vision, the angular resolution of your eye is about 


1 arcminute, or 60 arcseconds. (You may want to review Box 1-1 
Tools of the Astronomer’s Trade: Measuring Positions in the Sky.) 
Hence, with the naked eye it is impossible to distinguish two stars 
less than 1 arcminute apart or to see details on the Moon with an 
angular size smaller than this. All the planets have angular sizes (as 
seen from Earth) of less than 1 arcminute, which is why they appear 
as featureless points of light to the naked eye. One factor limiting 
angular resolution is the tendency of light waves to naturally spread 
out when they are confined to a small area like the lens or mirror 
of a telescope. This effect can cause star images to blur together. In 
astronomy, poor angular resolution causes star images to be fuzzy 
and blurred together. 

Which characteristics are most important in determining a tele¬ 
scope’s angular resolving power? Diameter is almost everything in 
terms of importance. The specific wavelength of light also plays a 
role because shorter wavelengths of light are easier to resolve than 
longer wavelengths. 

In practice, however, ordinary optical telescopes cannot achieve 
the highest levels of resolution due to the blurring effects of Earth’s 
atmosphere. In many cases the angular resolution of a telescope can 
be augmented by rapidly changing a mirror’s shape using a technique 
called adaptive optics. The goal of adaptive optics is to compensate 
for blurring atmospheric turbulence, which causes the image of a star 
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to “dance” around erratically. Optical sensors monitor this dancing 
motion 10 to 100 times per second, and a powerful computer rapidly 
calculates the mirror shape needed to compensate. Fast-acting me¬ 
chanical devices called actuators then deform the mirror accordingly. 
In some adaptive optics systems, the actuators deform a small sec¬ 
ondary mirror rather than the large objective mirror. 

One difficulty with adaptive optics is that a fairly bright star 
must be in or near the field of the telescope’s view to serve as a “tar¬ 
get” for the sensors that track atmospheric turbulence. This is seldom 
the case, since the field of view of most telescopes is rather narrow. 
Astronomers get around this limitation by shining a laser beam to¬ 
ward a spot in the sky near the object to be observed (Figure 2-24). 
The laser beam causes atoms in the upper atmosphere to glow, mak¬ 
ing an artificial “star.” The light that comes down to Earth from this 
“star” travels through the same part of our atmosphere as the light 



Figure 2-24 RIVUXG 

Creating an Artificial “Star” A laser beam shines upward from Yepun, an 8.2-meter 
telescope at the European Southern Observatory in the Atacama Desert of Chile. (Figure 
2-23 a shows the objective mirror for this telescope.) The beam strikes sodium atoms that 
lie about 90 km (56 miles) above the Earth’s surface, causing them to glow and make an 
artificial “star.” Tracking the twinkling of this “star” makes it possible to undo the effects of 
atmospheric turbulence on telescope images. (European Southern Observatory) 


from the object being observed, so its image in the telescope will 
“dance” around in the same erratic way as the image of a real star. 

Figure 2-25 shows the dramatic improvement in angular reso¬ 
lution possible with adaptive optics. Images made with adaptive 
optics are nearly as sharp as if the telescope were in the vacuum of 
space, where there is no atmospheric distortion whatsoever and the 
only limit on angular resolution is diffraction. A number of large 
telescopes are now being used with adaptive optics systems. 

Several large observatories are developing a technique called in¬ 
terferometry that promises to further improve the angular resolution 
of telescopes. The idea is to have two widely separated telescopes 
observe the same object simultaneously, then use fiber optic cables to 
“pipe” the light signals from each telescope to a central location 
where they “interfere” or blend together. This makes the combined 
signal sharp and clear. The effective resolution of such a combination 
of telescopes is equivalent to that of one giant telescope with a diam¬ 
eter equal to the distance between the two telescopes. For example, 
the Keck I and Keck II telescopes atop Mauna Kea (see Figure 2-32) 
are 85 meters apart, so when used as an interferometer, the angular 
resolution is the same as that of a single 85-meter telescope. 

Interferometry has been used for many years with long wave¬ 
length radio telescopes but is still under development with tele¬ 
scopes for visible light or infrared wavelengths. Astronomers are 
devoting a great deal of effort to this development because the 
potential rewards are great. For example, the Keck I and II tele¬ 
scopes used together can yield an angular resolution so small that 
it corresponds to being able to read the bottom row on an eye chart 
36 km (22 miles) away! 



Figure 2-25 RIVUXG 

Using Adaptive Optics to “Unblur” Telescope Images The two false-color inset images 
show the same 1-arcsecond-wide region of the sky at infrared wavelengths as observed 
with the 10.0-m Keck II telescope on Mauna Kea. (see Figure 2-32). Without adaptive optics, 
it is impossible to distinguish individual stars in this region. With adaptive optics turned on, 
more than two dozen stars can be distinguished. (UCLA Galactic Center Group) 
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X-rays Ultraviolet Infrared Microwaves Radio 

Visible 

Figure 2-26 

The Transparency of Earth’s Atmosphere This graph shows the percentage of radiation 
that can penetrate Earth’s atmosphere at different wavelengths. Regions in which the curve 
is high are called "windows,” because the atmosphere is relatively transparent at those 
wavelengths. There are also three wavelength ranges in which the atmosphere is opaque 


and the curve is near zero: at wavelengths less than about 290 nm, which are absorbed 
by atmospheric oxygen and nitrogen; between the optical and radio window, due to 
absorption by water vapor and carbon dioxide; and at wavelengths longer than about 20 m, 
which are reflected back into space by ionized gases in the upper atmosphere. 


ConceptCheck 2-16: J If astronomers are using an adaptive optics 
system on a night where the atmosphere is unusually turbulent, will 
the adaptive optics actuators be deforming the telescope’s mirror 
more rapidly or less rapidly than on a typical night? 

Answer appears at the end of the chapter. 


Telescopes in Orbit Around the Earth 
Detect and Resolve Light That Does 
Not Penetrate the Atmosphere 


j n addition to the distortion caused by Earth’s atmo- 
l ~SP] ^ sphere, another challenge to astronomers is that Earth’s 
atmosphere itself blocks much of the light emitted by 
stars in ways that even the better telescopes under Earth’s atmo¬ 
sphere cannot fix. Figure 2-26 shows the transparency of the Earth’s 
atmosphere to different wavelengths of light. The atmosphere is 
most transparent in two wavelength regions—visible light and radio 
waves. There are also several relatively transparent regions at in¬ 
frared wavelengths between 1 and 40 pm. Infrared light within these 
wavelength intervals can penetrate the Earth’s atmosphere some¬ 
what and can be detected with ground-based telescopes. This wave¬ 
length range is called the near-infrared, because it lies just beyond 
the red end of the visible light regime. 

One factor over which astronomers have absolutely no control 
is the weather. Optical telescopes cannot see through clouds, so 
it is important to build observatories where the weather is usu¬ 
ally good. Mountaintop observatories in particular benefit from 
most of the clouds forming at altitudes below the observatory, 
giving astronomers a better chance of having clear skies. Regardless 
of how high your mountaintop perch is, in many ways, the best 
location for a telescope is orbiting around Earth in outer space, 
where it is unaffected by weather, light pollution, or atmospheric 
turbulence. 

The most recent orbiting telescope observatory launched is 
NASA’s Spitzer Space Infrared Telescope Facility, an 85-cm infrared 
telescope designed to survey the infrared sky with unprecedented 
resolution (Figure 2-27). Spitzer studies brown dwarfs (exotic ob¬ 
jects larger than planets but smaller than stars), searches for more 



Figure 2-27 RIVUXG 

The Spitzer Space Telescope Launched in 2003, this is the largest infrared telescope 
ever placed in space. Its 85-cm objective mirror and three science instruments, kept cold 
by 360 liters of liquid helium, enable the Spitzer Space Telescope to observe the universe 
at wavelengths from 3 to 180 jam. The background to this illustration of the telescope is a 
false-color Spitzer image of the Milky Way and the constellation Orion at 100 jam, showing 
emission from warm interstellar dust. (NASA/JPL-Caltech) 
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direct evidence of planets forming around other stars, and probes 
the interiors of galaxies billions of light-years away. 

Astronomers are also very interested in observing at ultraviolet 
wavelengths. These observations can reveal a great deal about hot 
stars, ionized clouds of gas between the stars, and the Sun’s high- 
temperature outer atmosphere, all of which emit copious amounts 
of ultraviolet light. Since the 1940s astronomers dreamed of having 
one large telescope that could be operated at any wavelength from 
the near-infrared through the visible range and out into the ultra¬ 
violet. This is the mission of the Hubble Space Telescope (HST), 
which was placed in a 600-km-high orbit by the space shuttle Dis¬ 
covery in 1990. HST has a 2.4-meter (7.9-ft) objective mirror and 
is designed to observe at wavelengths from 115 nm to 1 pm. HST 
captures images electronically and the images are then radioed back 
to Earth in digital form. 

The success of HST has inspired plans for its larger successor, 
the James Webb Space Telescope or JWST (Figure 2-28). Planned 
for a 2013 launch, JWST will observe at visible and infrared wave¬ 
lengths from 600 nm to 28 jam. With its 6.5-m objective mirror—2.5 
times the diameter of the HST objective mirror, with 6 times the 
light-gathering power—JWST will study faint objects such as plan¬ 
etary systems forming around other stars and galaxies near the limit 
of the observable universe. Unlike HST, which is in a relatively low- 
altitude orbit around the Earth, JWST will orbit the Sun some 1.5 
million km beyond the Earth. In this orbit the telescope’s view will 
not be blocked by the Earth. Furthermore, by remaining far from 
the radiant heat of the Earth it will be easier to keep JWST at the 
very cold temperatures required by its infrared detectors. 

Space telescopes have also made it possible to explore objects 
whose temperatures reach the almost inconceivable values of 10 6 
to 10 8 K. Nothing in our common Earthly realms ever reaches these 
enormous temperatures. What is going on here is that atoms in such 
a high-temperature gas move so fast that when they collide, they 
emit X-ray photons of very high energy and very short wavelengths 



Space TelescopeJWST will have an objective mirror 6.5 m (21 ft) in diameter. Like many 
large Earthbound telescopesJWST will be a reflecting telescope. Rather than using liquid 


helium to keep the telescope and instruments at the low temperatures needed to observe 
at infrared wavelengthsJWST will keep cool using a multilayer sunshield the size of two 
tennis courts. (Courtesy of Northrop Grumman Space Technology) 


less than 10 nm. X-ray telescopes designed to detect these photons 
must be placed in orbit, since Earth’s protective atmosphere is to¬ 
tally impervious at these wavelengths. 

X-ray astronomy has been a highlight of modern astronomy 
since 1999, when NASA’s Chandra X-ray Observatory (Figure 
2-29) was launched. Named for the Indian-American astrophysicist 
Subrahmanyan Chandrasekhar, Chandra can view the X-ray sky 
with an angular resolution of 0.5 arcsec. This is comparable to the 
best ground-based optical telescopes, and more than 1000 times 
better than the resolution of the first orbiting X-ray telescope. 
Chandra can also measure X-ray spectra 100 times more precisely 
than any previous spacecraft, and can detect variations in X-ray 
emissions on time scales as short as 16 microseconds. This latter 



(a) Chandra X-ray Observatory 



(b) XMM-Newton 

Figure 2-29 

Two Orbiting X-Ray Observatories X-rays are absorbed by ordinary mirrors like those 
used in optical reflectors, but they can be reflected if they graze the mirror surface at a 
very shallow angle, (a) In the Chandra X-ray Observatory, X-rays are focused in this way onto 
a focal plane 10 m (33 ft) behind the mirror, (b) XMM-Newton is about the same size as 
Chandra, and its three X-ray telescopes form images in the same way. (a: NASA/Chandra 
X-ray Observatory Center/Smithsonian Astrophysical Observatory; b: D. Ducros/ 
European Space Agency) 







capability is essential for understanding how X-ray bursts are pro¬ 
duced around black holes. 

CAUTION X-ray telescopes work on a very different principle from 
the X-ray devices used in medicine and dentistry. If you have your 
foot “X-rayed” to check for a broken bone, a piece of photographic 
film (or an electronic detector) sensitive to X-rays is placed under 
your foot and an X-ray beam is directed at your foot from above. 
The radiation penetrates through soft tissue but not through bone, 
so the bones cast an “X-ray shadow” on the film. A fracture will 
show as a break in the shadow. X-ray telescopes, by contrast, do 
not send beams of X-rays toward astronomical objects in an at¬ 
tempt to see inside them. Rather, these telescopes detect X-rays that 
the objects emit on their own. 

The advantages and benefits of Earth-orbiting observatories 
cannot be overemphasized. We are no longer limited to the narrow 
ranges of whatever wavelengths manage to leak through our shim¬ 
mering, hazy atmosphere (Figure 2-30). For the first time, we are 
really seeing the universe. 

( ConceptCheck 2-17:) Look at Figure 2-26, which shows the 
transparency of Earth’s atmosphere. Would astronomers most prefer 
to have a new ground-based telescope constructed that is most 
sensitive in the X-ray region, the ultraviolet wavelength region, or in 
the microwave region? 

Answer appears at the end of the chapter. 

( ConceptCheck 2-18p What is the primary advantage of an 
orbiting space telescope, compared to a ground-based telescope? 

Answer appears at the end of the chapter. 

Charge-Coupled Devices Record 
Very Fine Image Details 

Until this point, we have been targeting our discussion on how 
telescopes capture light. The other half of the story is how the cap¬ 
tured light is recorded for later study. For the past hundred years, 


Figure 2-30 

The Entire Sky at Five Wavelength Ranges These five views show the entire sky at visible, radio, 
infrared, X-ray, and gamma-ray wavelengths. The entire celestial sphere is mapped onto an oval, 
with the Milky Way stretching horizontally across the center. The black crescents in the infrared 
and X-ray images are where data are missing, (a) In the visible view the constellation Orion is at 
the right, Sagittarius in the middle, and Cygnus toward the left. Many of the dark areas along the 
Milky Way are locations where interstellar dust is sufficiently thick to block visible light, (b) The 
radio view shows the sky at a wavelength of 21 cm. This wavelength is emitted by hydrogen atoms 
in interstellar space. The brightest regions (shown in red) are in the plane of the Milky Way, where 
the hydrogen is most concentrated, (c) The infrared view from IRAS shows emission at 100 jum, 60 
pm, and 12 pm. Most of the emission is from dust particles in the plane of the Milky Way that have 
been warmed by starlight, (d) The X-ray view from ROSAT shows wavelengths of 0.8 nm (blue), 1.7 
nm (green), and 5.0 nm (red), corresponding to photon energies of 1500,750, and 250 eV. Extremely 
high temperature gas emits these X-rays. The white regions, which emit strongly at all X-ray 
wavelengths, are remnants of supernovae, (e) The gamma-ray view from the Compton Gamma Ray 
Observatory includes all wavelengths less than about 1.2 X 10“ 5 nm (photon energies greater than 
10 8 eV). The diffuse radiation from the Milky Way is emitted when fast-moving subatomic particles 
collide with the nuclei of atoms in interstellar gas clouds. The bright spots above and below the 
Milky Way are distant, extremely energetic galaxies. (GSFC/NASA) 




(c) RIVUXG 



(e) RIVUXG 
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(a) A mosaic of 40 charge-coupled (b) An image made with 
devices (CCDs) photographic film 

Figure 2-31 RIVUXG 

Charge-Coupled Devices (CCDs) and Imaging (a) The 40 CCDs in this mosaic are used 
to record the light gathered by the Canada-France-Hawaii Telescope (see Figure 2-32). 

After an exposure, data from each of the 377 million light-sensitive pixels in the mosaic is 
transferred to a waiting computer, (b) This negative print (black stars and white sky) shows 
a portion of the sky as imaged with a 4-meter telescope and photographic film, (c) This 
negative image of the same region of the sky was made with the same telescope, but with 

astronomers primarily used photographic film or photographic 
plates. Unfortunately, photographic film is not a very efficient light 
detector. Only about 2% of the light striking photographic film is 
able to trigger the chemical reaction needed to produce an image. 
Thus, roughly 98% of the light falling onto photographic film is 
wasted. 

The most sensitive light detector currently available to astrono¬ 
mers is the charge-coupled device (CCD). At the heart of a CCD is 
a semiconductor wafer divided into an array of small light-sensitive 
squares called picture elements or, more commonly, pixels. For ex¬ 
ample, each of the 40 CCDs shown in Figure 2-31 a has more than 
9.4 million pixels arranged in 2048 rows by 4608 columns. They 
have about 1000 times more pixels per square centimeter than a 



(c) An image of the same region (d) Combining several CCD images 

of the sky made with a CCD made with different color filters 


the photographic film replaced by a CCD. Many more stars and galaxies are visible, (d) To 
produce this color positive view of the same region, sequences of CCD images were made 
using different color filters. These were then combined using a computer image-processing 
program, (a: J. C. Cuillandre/Canada-France-Hawaii Telescope; b, c, d: Patrick Seitzer, 
National Optical Astronomy Observatories) 


typical computer screen has, which means that a CCD of this type 
can record very fine image details. CCDs with smaller numbers of 
pixels are used in digital cameras, scanners, and fax machines. 

When an image from a telescope is focused on the CCD, an 
electric charge builds up in each pixel in proportion to the number 
of photons falling on that pixel. When the exposure is finished, the 
amount of charge on each pixel is read into a computer, where the 
resulting image can be stored in digital form and either viewed on 
a monitor or printed out. Compared with photographic film, CCDs 
are some 35 times more sensitive to light (they commonly respond 
to 70% of the light falling on them, versus 2% for film), can record 
much finer details, and respond more uniformly to light of different 
colors. Figures 2-31 b, c, and d show the dramatic difference 


Figure 2-32 RIVUXG 

The Telescopes of Mauna Kea The summit of 
Mauna Kea—an extinct Hawaiian volcano that 
reaches more than 4100 m (13,400 ft) above the 
waters of the Pacific—has nighttime skies that are 
unusually clear, still, and dark. To take advantage 
of these superb viewing conditions, Mauna Kea has 
become the home of many powerful telescopes. 
(Richard J. Wainscoat, University of Hawaii) 
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between photographic and CCD images. The great sensitivity of 
CCDs also makes them useful for measuring the brightnesses of 
stars and other astronomical objects. 

In the modern world of CCD astronomy, astronomers need no 
longer spend the night in the unheated dome of a telescope. Instead, 
they operate the telescope electronically from a separate control 
room, where the electronic CCD images can be viewed on a com¬ 
puter monitor. The control room need not even be adjacent to the 
telescope. Although the Keck I and II telescopes (Figure 2-32) are 
at an altitude of 4100 m (13,500 feet), astronomers can now make 
observations from a facility elsewhere on the island of Hawaii that 
is much closer to sea level. This saves the laborious drive to the 
summit of Mauna Kea and eliminates the need for astronomers to 
acclimate to the high altitude. 


Most of the images that you will see in this book were made 
with CCDs. Because of their extraordinary sensitivity and their 
ability to be used in conjunction with computers, CCDs have at¬ 
tained a role of central importance in astronomy. For scientists and 
engineers on the cutting edge of technology, the next advancements 
are all focused on making CCDs faster and yet have more pixels, 
but on smaller platforms. In a very short time, this technology will 
filter down quickly to make better cell phone cameras, higher- 
definition video cameras, and high quality Web cams at unbelievably 
low prices. 

(ConceptCheck 2-19: ) Why can CCDs more efficiently observe 
faint stars than photographic film or photographic plates? 

Answer appears at the end of the chapter. 



Blackbody Curves 



PROMPT: What would you tell a fellow student who said, “All stars 
have the same intensity, but a star hotter than the Sun would have 
a peak in the red region and its graph would be spread out more 
equally on both sides of the visible region of the spectrum.” 


ENTER RESPONSE: 


Guiding Questions: 

1. On a graph like this, the specific wavelength being emitted with 
the most intensity is 

a. the highest point on the curve. 

b. where the line crosses the vertical axis. 

c. measured by the area under the curve. 

d. in the red region of the wavelength axis. 

2. The stars with the greatest energy output 

a. have more intense visible colors. 

b. have the highest intensity. 

c. are closest to Earth. 

d. have the greatest densities. 

3. The hottest stars have a blackbody curve with an intensity that 

a. peaks at longest wavelengths. 

b. peaks at shortest wavelengths. 

c. is nearly identical to cooler stars. 

d. peaks in the blue-green region. 

4. Compared to much cooler stars, the shape of the curve for the 
hottest stars would be 

a. similar, but much taller. 

b. similar, but much shorter. 

c. more evenly distributed around the visible region. 

d. about the same shape and size for all stars. 
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Key Ideas and Terms 

2-1 Light travels through empty space at a speed of nearly 300,000 km/s 

• The speed of light, abbreviated as a lower case c, was historically 
measured over large, interplanetary distances. 

2-2 Glowing objects, like stars, emit an entire spectrum of light 

• Sunlight is a mixture of all colors that can be spread out into a 
spectrum. 

• Afield is an immaterial yet measurable disturbance of any region of 
space in which electric or magnetic forces are felt. 

• Light travels in waves and is characterized by its wavelength and its 
frequency. 

• The electromagnetic spectrum of light includes radio waves, 
microwaves, infrared radiation, visible light, ultraviolet radiation, 
X-rays, and gamma rays. 

• Light has properties of both waves and particles where individual 
packets are called photons. 

2-3 An object’s temperature is revealed by the most intense wavelength of 
its spectrum of light 

• Wien’s law specifies the dominant wavelength of light emitted by 
objects and reveals their temperatures. 

• Astronomers use the Stefan-Boltzmann law to determine the 
temperature of an object by carefully measuring the energy flux of 
light emitted. 

2-4 An object’s chemical composition is revealed by the unique pattern of 
its spectrum of light 

• Spectroscopy is the study of the unique pattern of spectral lines 
emitted by every chemical substance. 

• Electrons can “jump” only to specific orbits within atoms, creating the 
particular sets of spectral lines. 

• A hot, dense object emits a continuous spectrum covering all 
wavelengths. 

• A hot, transparent gas produces an emission line spectrum containing 
bright lines. 

• A cool, transparent gas in front of a light source that itself has a 
continuous spectrum produces an absorption line spectrum. 

2-5 An object’s motion through space is revealed by the precise 
wavelength positions of its spectrum of light 

• The Doppler effect describes how an observed wavelength can be 
shifted due to the relative motion of an energy-emitting object. 

• An observed spectrum is redshifted when the distance between an 
object and an observer is increasing. 

• An observed spectrum is blueshifted when the distance between an 
object and an observer is decreasing. 

2-6 Telescopes use lenses, mirrors, and electronics to concentrate and 
capture incoming light for study 

• The ability of a telescope to capture light is a telescope’s light¬ 
gathering power and is closely related to the telescope’s diameter. 

• A refractor is a telescope that uses an objective lens to concentrate 
incoming light to a point that is a focal length from the lens. 

• A telescope using a primary mirror to concentrate incoming light is 
called a reflector. 


• The magnification achieved by a telescope is accomplished by the 
eyepiece lens. 

• Angular resolution is the ability of a telescope to see two glowing 
objects as distinct and separate light sources. 

• The new telescope technology of charged-coupled devices (CCDs), 
adaptive optics, and interferometry dramatically improves modern 
telescope performance. 

• Telescopes in orbit around the Earth detect and resolve light that does 
not penetrate the atmosphere. 


Questions 


Review Questions 


( 3 ' 


1. For each of the following wavelengths, state whether it is 
in the radio, microwave, infrared, visible, ultraviolet, X-ray, 
or gamma-ray portion of the electromagnetic spectrum. 
Explain your reasoning, (a) 2.6 pm, (b) 34 m, (c) 0.54 nm, (d) 0.0032 
nm, (e) 0.620 pm, (f) 310 nm, (g) 0.012 m 


2. A cellular phone is actually a radio transmitter and receiver. You 
receive an incoming call in the form of a radio wave of frequency 
880.65 MHz. What is the wavelength (in meters) of this wave? 



3. Using Wien’s law and the Stefan-Boltzmann law, explain 
the color and intensity changes that are observed as the 
temperature of a hot, glowing object increases. 


4. If you double the Kelvin temperature of a hot piece of steel, how 
much more energy will it radiate per second? 

5. The bright star Bellatrix in the constellation Orion has a surface 
temperature of 21,500 K. What is its wavelength of maximum 
emission in nanometers? What color is this star? 


6. The bright star Antares in the constellation Scorpius (the Scorpion) 
emits the greatest intensity of radiation at a wavelength of 853 nm. 
What is the surface temperature of Antares? What color is this star? 

7. Explain how Bohr’s model of the atom accounts for spectra. 

8. Why do different elements display different patterns of lines in their 
spectra? 

9. What is the Doppler effect? Why is it important to astronomers? 

10. If you see a blue star, what does its color tell you about how the star 
is moving through space? Explain your answer. 

11. With the aid of a diagram, describe a refracting telescope. 

12. With the aid of a diagram, describe a reflecting telescope. 

13. Which dimensions of the telescope determine its light-gathering power? 

14. What is the purpose of a telescope eyepiece? 

15. Quite often advertisements appear for telescopes that extol their 
magnifying power. Is this a good criterion for evaluating telescopes? 
Explain your answer. 

16. Explain some of the disadvantages of refracting telescopes compared 
to reflecting telescopes. 


aO^^v 17. What is the angular resolution of a telescope? 


18. What is adaptive optics? 

19. What is a charge-coupled device (CCD)? Why have CCDs replaced 
photographic film for recording astronomical images? 
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20. Why can radio astronomers make observations at any time during 
the day, whereas optical astronomers are mostly limited to observing 
at night? (Hint: Does your radio work any better or worse in the 
daytime than at night?) 

21. Why must astronomers use satellites and Earth-orbiting 

iLj ^ observatories to study the heavens at X-ray and gamma- 
ray wavelengths? 

Web Chat Questions 

1. The human eye is most sensitive over the same wavelength range at 
which the Sun emits the greatest intensity of radiation. Suppose 
creatures were to evolve on a planet orbiting a star somewhat hotter 
than the Sun. To what wavelengths would their vision most likely be 
sensitive? 

2. Why do you suppose that ultraviolet light can cause skin cancer but 
ordinary visible light does not? 

3. If you were in charge of selecting a site for a new observatory, what 
factors would you consider important? 

4. Discuss the advantages and disadvantages of using a small telescope 
in Earth’s orbit versus a large telescope on a mountaintop. 

Collaborative Exercises 

1. The Doppler effect describes how relative motion impacts 
wavelength. With a classmate, stand up and demonstrate each of the 
following: (a) a blueshifted source for a stationary observer; (b) a 
stationary source and an observer detecting a redshift; and (c) a 
source and an observer both moving in the same direction, but the 
observer is detecting a redshift. Create simple sketches to illustrate 
what you and your classmate did. 

2. Stand up and have everyone in your group join hands, making as 
large a circle as possible. If a telescope mirror were built as big as 
your circle, what would be its diameter? 

3. Are there enough students in your class to stand and join hands and 
make two large circles that recreate the sizes of the two Keck 
telescopes? Explain how you determined your answer. 

Observing Questions 

1. You can use the Starry Night College™ program to measure the 
speed of light by observing a particular event—in this case, one of 
Jupiter’s moons emerging from the planet’s shadow—from two 
locations separated by a known distance. These two locations are at 
the north poles of the Earth and the planet Mercury respectively. 
Select Favourites > Investigating Astronomy > Io. The view shows 
Jupiter as seen from the north pole of Earth at 9:12:00 PM 
Standard Time on September 25, 2010. You will see the label for Io 
to the left of the planet. Keep the field of view about 5 arcminutes 
wide. Click the Play button and observe Io suddenly brighten as it 
emerges from Jupiter’s shadow. Use the time controls to step time 
backward and forward in one-second intervals to determine the 
time to the nearest second at which Io emerges from eclipse. Open 
the Status pane and expand the Time layer. Record the Universal 
Time for this event. Right-click on Io in the main view window 
(Ctrl-click on a Mac) and select Show Info from the contextual 
menu. Be sure that the top layer of the Info pane reads Io Info. 
Expand the Position in Space layer and record the value given for 
Distance from Observer. Now select Favourites > Investigating 
Astronomy > Io from Mercury. This view once again shows Io 
labeled to the left of Jupiter, but in this instance you are viewing the 


scene from the north pole of the planet Mercury. With the field of 
view set to 5 arcminutes wide click the Play button. Stop time flow 
as soon as you see Io suddenly brighten as it emerges from eclipse. 
Use the time controls to find the time to the nearest second at which 
Io brightens. Open the Status pane and record the Universal Time 
for this event as seen from Mercury. Then open the contextual 
menu for Io and select Show Info. Record the Distance from 
Observer of Io from the Position in Space layer. Use your 
observations to calculate the speed of light. First, calculate the 
difference in the time between the two observations in seconds. 

Then calculate the difference in the Distance from Observer in AU 
for each of the locations. Divide the difference in the distance by 
the difference in time to calculate the speed of light in AU per 
second. Finally, convert this value to kilometers per second by 
multiplying the result by 1.496 X 10 8 (the number of kilometers in 
one AU). How does your result compare to the accepted value of 
the speed of light of 2.99 79 X 10 5 kilometers per second? Explain 
the difference between your calculated value from these 
observations and the accepted value for the speed of light. 

2. Use the Starry Night College™ program to use the known 
temperatures of several relatively nearby stars to predict the shape of 
their spectra. Select Favourites > Investigating Astronomy > Atlas to 
display the entire celestial sphere. You can now search for each of the 
stars listed below. Open the Find pane, click on the magnifying glass 
icon at the left side of the edit box at the top of the Find pane, select 
Star from the menu that appears, type the name of the star in the edit 
box and then press the Enter (Return) key. 

(i) Altair; (ii) Procyon; (iii) Epsilon Indi; (iv) Tau Ceti; (v) Epsilon 
Eridani; (vi) Lalande 21185. 

Information for each star can then be found by clicking on the Info 
tab at the far left of the Starry Night College™ window. For each 
star, record its temperature (listed in the Info pane under Other 
Data). Then answer the following questions: 

a) Which of the stars have a longer wavelength of maximum 
emission X than the Sun? 

max 

b) Which of the stars have a shorter X than the Sun? 

c) Which of the stars has a reddish color? 

3. You can use the Starry Night College™ program to examine distant 
celestial objects. First, display the entire celestial sphere by selecting 
Favourites > Investigating Astronomy > Atlas from the menu. This 
will show the whole sky as would be seen from the center of a 
transparent Earth. You can now search for the objects listed below. 
Click the Find tab at the left of the main view window to open the 
Find pane, click on the magnifying glass icon at the left of the edit 
box at the top of the Find pane and select Search All from the menu, 
and then type the name of the object in the edit box followed by the 
Enter (Return) key. The object will be centered in the view. For each 
object, use the zoom controls at the right-hand end of the Toolbar (at 
the top of the main window) to adjust your view until you can see 
the object in detail. For each object, decide whether you think it will 
have a continuous spectrum, an absorption line spectrum, or an 
emission line spectrum, and explain your reasoning. 

a) The Lagoon Nebula in Sagittarius. (With a field of view of about 
6° X 4°, you can compare and contrast the appearance of the 
Lagoon Nebula with the Trifid Nebula just to the north of it.) 

b) M31, the great galaxy in the constellation Andromeda. (Hint: 
The light coming from this galaxy is the combined light of 
hundreds of billions of individual stars.) 

c) The Moon. (Hint: Moonlight is simply reflected sunlight.) 

4. The field of view of a typical small telescope for amateur 
astronomers is about 30 arcminutes, or 30'. (Many research 
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telescopes have much smaller fields of view. For instance, the widest 
field of view available to the Hubble Space Telescope is only 3.4 
arcminutes.) Use the Starry Night College™ program to simulate 
the view of various celestial objects provided by such a telescope. 
Select Favourites > Investigating Astronomy > Atlas to display the 
entire celestial sphere. Click the Find tab on the left side of the view 
window. Click on the magnifying glass icon at the left-hand side of 
the edit box at the top of the Find pane and select the Orbiting 
Objects item from the drop-down menu that appears. This will 
bring up a list of Solar System objects in the Find pane. For each of 
the following objects, the Moon, Jupiter, and Saturn, double-click 
on the name of the object in the Find pane to center it in the view. 
Click the down arrow to the right of the Zoom panel in the toolbar 
and select 30 Arcminutes (30') from the drop down menu. (You can 
display an indication of this specific field of view on the sky by 
opening the FOV (Field of View) pane on the left side of the 
window, expanding the Other (All Charts) layer and clicking the 30 
Arcminutes checkbox.) Describe how much detail you can see on 
each object. Open the Find pane again. Click on the magnifying 
glass icon on the left-hand side of the edit box at the top of the 
Find pane and select Messier Objects from the drop-down menu 
that appears. From the Messier Objects listed in the Find pane, 
double-click the entry for “M31 (Andromeda Galaxy)” to center 
this object in the view. If nothing appears in the view, open the 
Options side pane and click the checkbox to the left of Messier 
Objects under the Deep Space layer. If necessary, use the zoom 
controls to adjust the field of view to 30 arcminutes once again. 
Describe how much detail you can see for this object. When 
complete, open the FOV pane and click the checkbox beside the 30 
Arcminutes option in the Other (All Charts) layer to turn off this 
indicator in the main view. 


Answers 

ConceptChecks 

ConceptCheck 2-1: The speed of light is incredibly fast, which made it very 
difficult to measure its speed precisely before modern technology except 
over enormous distances. 

ConceptCheck 2-2: As Newton found when passing sunlight through a 
series of prisms, when one color is isolated from white light, there are 
no longer any other colors present in the remaining light. As a result, 
you cannot turn pure green into any other color by passing it through a 
plastic gel. 

ConceptCheck 2-3: Neither. Light is composed of alternating electric and 
magnetic fields, which are immaterial, but measurable, disturbances in 
space. 

ConceptCheck 2-4: The width of your finger is about 1 cm, which falls in 
the range of the wavelength of microwaves (1 mm-10 cm). 

ConceptCheck 2-5: Because the relationship between wavelength and fre¬ 
quency is written as c = X X f, wavelength and frequency are inversely 
related; as one increases the other decreases. Thus, the longest wavelengths 
have the lowest frequencies and the shortest wavelengths have the highest 
frequencies. 

ConceptCheck 2-6: Photons with longer wavelengths will have lower energy 
than those with shorter wavelengths because the greater the wavelength, 
the lower the energy of a photon associated with that wavelength. 


ConceptCheck 2-7: Infrared light is the most typical wavelength of light 
emitted by objects at temperatures common on Earth’s surface. 

ConceptCheck 2-8: A star is hotter than our Sun if the dominant wavelength 
emitted is shorter than the light from our Sun. 

ConceptCheck 2-9: The shorter the wavelength, the hotter the star, so the 
blue star will be at a higher temperature. 

ConceptCheck 2-10: An absorption spectra results when the light from a 
hot, dense object passes through the cooler, transparent gas of our 
atmosphere. 

ConceptCheck 2-11: When the distance between an object and a source is 
decreasing, the emissions lines will be shifted toward shorter wavelengths; 
alternatively, when the distance between an object and a source is decreas¬ 
ing, the emissions lines will be shifted toward longer wavelengths. 

ConceptCheck 2-12: The diameter, because it is the width of the opening 
that determines how much light can be captured by the telescope. 

ConceptCheck 2-13: The thin lens bends light less, so, according to Figure 
2-21, it must focus light at a more distant location. 

ConceptCheck 2-14: The larger the eyepiece focal length, the smaller the 
magnification. 

ConceptCheck 2-15: Reflecting telescopes use mirrors that can be made to 
be lightweight rather than glass lenses, which are quite heavy and difficult 
to construct. 

ConceptCheck 2-16: Adaptive optics actuators slightly deform the tele¬ 
scope’s mirror to match the apparent movement of a star due to distortions 
in Earth’s atmosphere. The actuators must deform the mirror more on 
nights when the stars appear more distorted due to a rapidly fluctuating 
atmosphere. 

ConceptCheck 2-17: Given these three choices, astronomers would much 
prefer to have a new telescope in the microwave region because X-rays and 
ultraviolet wavelengths rarely pass through the Earth’s atmosphere to the 
ground. 

ConceptCheck 2-18: Orbiting space telescopes are placed far above most 
of Earth’s atmosphere, which blocks many wavelengths of light that as¬ 
tronomers want to see. 

ConceptCheck 2-19: CCDs are able to detect 70% of the light that falls on 
them as compared to photographic film, which only captures 2% of the 
light, making CCDs far more efficient. 

CalculationChecks 

CalculationCheck 2-1: A popular radio station in Phoenix is 90.5 MHz. To 
calculate the wavelength of these radio waves, we rearrange the equation 
c = f+X to get A, = 3 X 10 8 m/s - 90.5 X 10 6 Hz = 3.31 m. 

CalculationCheck 2-2: Wien’s law can be rearranged to calculate the tem¬ 
perature of a star as T = 0.0029 K m -r- (5800 K X 2) = 250 nm, which is 
ultraviolet. 

CalculationCheck 2-3: F = gT 4 , so if temperature is 3 times greater, then 
the energy flux is 3 4 or 81 times greater than the flux from the Sun. 

CalculationCheck 2-4: i/ = cXAIt1 o = 3x 10 5 km/s X (486.3 nm - 
486.2 nm) -r- 486.2 nm = 61.7 km/s, and because it is moving toward longer 
wavelengths, the distance between the observer and the star must be 
increasing. 
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S ixty years ago the idea of humans orbiting Earth or sending spacecraft 
to other worlds was regarded as science fiction. Today, science fiction 
has become commonplace reality. Literally thousands of artificial satel¬ 
lites orbit our planet to track weather, relay signals for communications and 
entertainment, and collect scientific data about Earth and our universe. Hu¬ 
mans live and work in Earth orbit, have ventured as far as the Moon, and have 
sent dozens of robotic spacecraft to explore all the planets of the solar system. 
Given these amazing feats of science, you might ask, how did we get here? 

Well start our discussion by asking a seemingly simple question that took 
our ancestors a thousand years to answer: Which is closer, our Sun or Moon? 
Well look at how astronomers learned to measure distances, starting with 
the early astronomers who made bold predictions about the distances to the 
Sun and Moon, moving on to later generations of astronomers who plotted 


the distances to stars and discovered the astonishing surprise that our Sun is 
not the center of our galaxy. 

Then we’ll learn how Nicolaus Copernicus, Johannes Kepler, and Galileo 
Galilei helped us understand that the Earth is itself one of several planets 
orbiting the Sun. We will learn, too, about Isaac Newton’s revolutionary dis¬ 
covery of why the planets move in the way that they do. This was just one 
aspect of Newton’s immense body of work, which included formulating the 
fundamental laws of physics and developing a precise mathematical descrip¬ 
tion of the force of gravitation —the force that holds the planets in their 
orbits and holds galaxies of stars together. Gravitation proves to be a truly 
universal force: It guides spacecraft as they journey across the solar system, 
keeps satellites and astronauts in their orbits, and moderates how the very 
galaxies of our universe move. 


Key Ideas 


BY READING THE SECTIONS OF THIS CH ER. YOU WILL LEARN 


r ggl Astronomers of antiquity used observation and reasoning 
to develop astonishing advances in the study of 
astronomy 

ftWk Nicolaus Copernicus devised the first comprehensive 
Sun-centered model 

Galileo Galilei supported the heliocentric model with 
discoveries of moons orbiting Jupiter and phases of Venus 


(f£) Johannes Kepler proposed that planets orbit the Sun in 

elliptical paths, moving fastest when closest to the Sun, with 
the closest planets moving at the highest speeds 

(gjj Isaac Newton formulated three laws relating force and motion 
to describe fundamental properties of physical reality 

<30 Newton’s description of gravity accounts for Kepler’s laws 
and explains the motions of the planets 
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OB Astronomers of antiquity used 
observation and reasoning to develop 
astonishing advances in the study 
of astronomy 

A common misconception in our society is that the explorer Chris¬ 
topher Columbus was the first to prove our Earth is round by 
trying to sail west to get to the other side. In fact, more than 2000 
years ago, centuries before sailors of Columbus’s era crossed 
the oceans, Greek astronomers were fully aware that Earth is not 
flat. They had come to this conclusion using a combination of 
observation and logical deduction, much like modern scientists. 
The Greeks noted that when the Moon passes through Earth’s 
shadow, called a lunar eclipse, the edge of Earth’s shadow on the 
Moon is always circular (see Figure 1-28). Because a sphere is the 
only shape that always casts a circular shadow from any angle, 
they concluded that Earth is spherical, long before the days of 
sailing ships. 

The achievements of our ancestors still stand as impressive 
applications of observation and reasoning and important steps to¬ 
ward the development of the scientific method, particularly the 
calculations used to determine the size of Earth, the distances to the 
Sun and Moon, and the reasons for the movement of objects across 
the sky. 


Eratosthenes and the Size of Earth 

Around 200 b.c., the Greek astronomer Eratosthenes devised a 
way to measure the circumference of the spherical Earth. It was 
known that on the date of the summer solstice, when the Sun 
reaches its highest noontime altitude all-year long, in the town of 
Syene in Egypt, near present-day Aswan, the Sun shone directly 
down the vertical shafts of water wells. Hence, at local noon 
on that day, the Sun was directly overhead as seen from Syene. 
Eratosthenes knew that the Sun never appeared directly overhead 
at his home in the Egyptian city of Alexandria, which is on the 
Mediterranean Sea almost due north of Syene. Rather, on the sum¬ 
mer solstice in Alexandria, the position of the Sun at local noon 
was about 7° south of overhead (Figure 3-1). This angle is about 
one-fiftieth of a complete circle, so he concluded that the distance 
from Alexandria to Syene must be about one-fiftieth of Earth’s 
circumference. 

In Eratosthenes’s day, the distance from Alexandria to Syene 
was said to be 5000 stades. Therefore, Eratosthenes found Earth’s 
circumference to be 


50 X 5000 stades = 250,000 stades 


Unfortunately, no one today is sure of the exact length of 
the Greek unit called the stade. One guess is that the stade was 
about one-sixth of a kilometer, which would mean that Eratosthenes 
obtained a circumference for Earth of about 42,000 kilometers. This 
is remarkably close to the modern value of 40,000 kilometers. 



Figure 3-1 

Eratosthenes’s Method of Determining the Diameter of Earth Around 200 b.c., 
Eratosthenes used observations of the Suns position at noon on the summer solstice to 
show that Alexandria and Syene were about 7° apart on the surface of Earth. This angle is 
about one-fiftieth of a circle, so the distance between Alexandria and Syene must be about 
one-fiftieth of Earths circumference. 


Eratosthenes was only one of several brilliant astronomers to 
emerge from the so-called Alexandrian school, which by his time 
had a distinguished tradition. Another of the Alexandrian astrono¬ 
mers was Aristarchus of Samos. 

Aristarchus and Distances in the Solar System 

Imagine how you might determine the distance to the Moon with 
none of our modern technologies. Aristarchus proposed a method 
of determining the relative distances to the Sun and Moon, perhaps 
as long ago as 280 b.c. 

Aristarchus knew that the Sun, Moon, and Earth form a right 
triangle at the moment of first or third quarter moon, with the right 
angle at the location of the Moon (Figure 3-2). He estimated that, 
as seen from Earth, the angle between the Moon and the Sun at first 
and third quarters is 87°, or 3° less than a 90° right angle. Using 
the rules of geometry, Aristarchus concluded that the Sun is about 
20 times farther from us than is the Moon. It is impressive that 
Aristarchus was able to determine the correct method for the mea¬ 
surement, even though we now know that he erred in measuring 
angles and that the average distance to the Sun is about 390 times 
larger than the average distance to the Moon. Today we have more 








Analyzing Scales and Motions of the Universe 


67 



Figure 3-2 

Aristarchus’s Method of Determining Distances to the Sun and Moon Aristarchus 
knew that the Sun, Moon, and Earth form a right triangle at first and third quarter phases. 


Using geometrical arguments, he calculated the relative lengths of the sides of these 
triangles, thereby obtaining the distances to the Sun and Moon. 


precise ways to measure large distances and use various units of 
length including the astronomical unit (AU) and the light-year (ly). 
See Box 3-1, Tools of the Astronomer’s Trade: Modern Astronomi¬ 
cal Distances Are Often Measured in Astronomical Units or Light- 
Years for further explanation. 

Aristarchus also made an equally bold attempt to determine 
the relative sizes of Earth, the Moon, and the Sun. From his observa¬ 
tions of how long the Moon takes to move through Earth’s shadow 
during a lunar eclipse, Aristarchus estimated the diameter of Earth 
to be about 3 times larger than the diameter of the Moon. To de¬ 
termine the diameter of the Sun, Aristarchus simply pointed out 
that the Sun and the Moon have the same angular size in the sky. 
Therefore, their diameters must be in the same proportion as their 
distances. In other words, because Aristarchus thought the Sun to 
be 20 times farther from Earth than the Moon, he concluded that 
the Sun must be 20 times larger than the Moon. Once Eratosthenes 
had measured Earth’s circumference, astronomers of the Alexan¬ 
drian school could use Aristarchus’s method to estimate the diam¬ 
eters of the Sun and Moon as well as their distances from Earth. 

( ConceptCheck 3-1:3 If Eratosthenes had found that the Sun’s 
noontime summer solstice altitude at Alexandra was much closer to 
directly overhead, would he then assume that Earth was larger, smaller, 
or about the same size? 

( C alCUlationCheck 3-1:} If Aristarchus had estimated the Sun to 
be 100 times farther from Earth than the Moon, how large would he 
have estimated the Sun to be? 

Answers appear at the end of the chapter. 


The Greek Geocentric Model 

The easiest assumption to make about the cosmos is that we observ¬ 
ers are actually stationary and everything else moves around us. 
This makes some sense in that you might think that if we were 
moving through space, we could feel it, much like we can sense the 
movement of a car we are riding in or a boat we are sailing in. Most 
Greek scholars also assumed that the Sun, the Moon, the stars, and 
the planets revolve about a stationary Earth. A model of this kind, 
in which Earth is at the center of the universe, is called a geocentric 
model. Like ancient thinkers in many parts of the world, the ancient 
Greeks concluded that stars were brilliant points of light attached 
to an immense celestial sphere surrounding Earth. To explain the 
daily rising and setting of the stars, they assumed that the celestial 
sphere was real, and that it rotated around the stationary Earth 
once a day. 

In this geocentric model, the Sun and Moon both participated 
in this daily rotation of the sky, which explained their rising and 
setting motions. To explain why the Sun and Moon both slowly 
change their positions from night to night, compared to the fixed 
positions of stars, the ancient Greeks imagined that both of these 
objects orbit around Earth. 

ANALOGY Imagine a merry-go-round that rotates clockwise as 
seen from above, as in Figure 3-3 a. As it rotates, two children 
walk slowly counterclockwise at different speeds around the 
merry-go-round’s platform. Thus, the children rotate along with 
the merry-go-round and also change their positions with respect 
to the merry-go-round’s wooden horses. This scene is analogous 










68 


CHAPTER 3 


BOX 3-1 


Tools of the Astronomer's Trade 


Modern Astronomical Distances Are Often Measured in Astronomical Units or Light-Years 


A stronomers use many of the same units of measurement as do 
other scientists. They often measure lengths in meters (ab¬ 
breviated m), masses in kilograms (kg), and time in seconds (s). 
Like other scientists, astronomers often find it useful to combine 
these units with powers of ten (see Appendix 9) and create new 
units using prefixes. As an example, the number 1000 (= 10 3 ) is 
represented by the prefix “kilo,” and so a distance of 1000 meters 
is the same as 1 kilometer (1 km). Here are some of the most 
common prefixes, with examples of how they are used: 


mendous distances between the planets and the far greater dis¬ 
tances between the stars. 

Measuring Inside our Solar System 

When discussing distances across the solar system, astronomers 
use a unit of length called the astronomical unit (abbreviated AU). 
This is the average distance between Earth and the Sun: 

1 AU = 1.496 X 10 8 km = 92.96 million miles 


one-billionth meter = 10 9 m = 1 nanometer 0 

one-millionth second = 10 -6 s =1 microsecond 


one-thousandth 
arcsecond = 

one-hundredth meter = 

one thousand meters = 

one million tons = 


10“ 3 arcsec = 1 milliarcsecond 

10“ 2 m = 1 centimeter 

10 3 m =1 kilometer 

10 6 tons = 1 megaton 


In principle, we could express all sizes and distances in as¬ 
tronomy using units based on the meter. Indeed, we will use kilo¬ 
meters to give the diameters of Earth and the Moon, as well as 
the Earth-Moon distance. But, while a kilometer (roughly equal 
to three-fifths of a mile) is an easy distance for humans to visual¬ 
ize, a megameter (10 6 m) is not. Consider this: If the length of a 
shoe can measured in centimeters, does it also make sense to 
describe the distance between two cities in centimeters? Similarly, 
if we measure the distance between two cities in kilometers, does 
it make sense to measure the great distances between stars in 
kilometers? Indeed, in describing the distances between objects in 
the cosmos, the particular units of length used depend on just how 
large the distances actually are. For this reason, astronomers have 
devised units of measure that are more appropriate for the tre¬ 


Thus, the average distance between the Sun and Jupiter can be 
conveniently stated as 5.2 AU. 

Measuring Distances to the Stars 

^A T/ o^ To talk about distances to the stars, astronomers use 
£ two different units of length. The light-year (abbrevi- 
ated ly) is the distance that light travels in one year. 
This is a useful concept because the speed of light in empty space 
always has the same value, 3.00 X 10 5 km/s (kilometers per sec¬ 
ond) or 1.86 X 10 5 mi/s (miles per second). In terms of kilometers 
or astronomical units, one light-year is given by 

1 ly = 9.46 X 10 12 km = 63,240 AU 

This distance is roughly equal to 6 trillion miles. 

CAUTION Keep in mind that despite its name, the light-year is a 
unit of distance and not a unit of time. As an example, Proxima 
Centauri, the nearest star other than the Sun, is a distance of 4.2 
light-years from Earth. Th is means that light takes 4.2 years to 
travel to us from Proxima Centauri. 

Physicists often measure interstellar distances in light-years 
because the speed of light is one of nature’s most important 
numbers. 


to the way the ancient Greeks pictured the motions of the stars, 
Sun, and Moon. In their model, the celestial sphere rotated to the 
west around a stationary Earth (Figure 3-3 b). The stars rotate 
along with the celestial sphere just as the wooden horses rotate 
along with the merry-go-round in Figure 3-3 a. The Sun and Moon 
are analogous to the two children; they both turn westward 
with the celestial sphere, making one complete turn each day, and 
also move slowly eastward at different speeds with respect to the 
stars. 

The ancient Greeks and other cultures of that time knew of five 
planets: Mercury, Venus, Mars, Jupiter, and Saturn, each of which 
is a bright object in the night sky. For example, when Venus is at its 


maximum brilliancy, it is 16 times brighter than the brightest star. 
(By contrast, Uranus and Neptune are quite dim and were not dis¬ 
covered until after the invention of the telescope.) 

Like the Sun and Moon, all of the planets rise in the east and 
set in the west once a day. And like the Sun and Moon, from night 
to night the planets slowly move on the celestial sphere, that is, with 
respect to the background of stars. However, the character of this 
motion on the celestial sphere is quite different for the planets. Any 
model of how the universe works needed to account for all of these 
objects, which moved at different rates. 

Both the Sun and the Moon always move from west to east on 
the celestial sphere, that is, opposite the direction in which the ce¬ 
lestial sphere appears to rotate. The Sun follows the path called the 
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Merry-go-round rotates clockwise 



Wooden horses fixed on merry-go-round 


Celestial sphere rotates to the west 



Stars fixed on celestial sphere 


, Figure 3-3 

A Merry-Go-Round Analogy (a) Two children walk at 
different speeds around a rotating merry-go-round with its wooden 
horses, (b) In an analogous way the ancient Greeks imagined that the 
Sun and Moon move around the rotating celestial sphere with its fixed 
stars. Thus, the Sun and Moon move from east to west across the sky 
every day and also move slowly eastward from one night to the next 
relative to the background of stars. 


(a) A rotating merry-go-round 


(b) The Greek geocentric model 


ecliptic (see Section 1-4), while the Moon follows a path that is 
slightly inclined to the ecliptic (see Section 1-5). Furthermore, the 
Sun and the Moon each move at relatively constant speeds around 
the celestial sphere. (The Moon’s speed is faster than that of the Sun: 
It travels all the way around the celestial sphere in about a month 
while the Sun takes an entire year.) The planets, too, appear to move 
along paths that are close to the ecliptic. The difference is that each 
of the planets appears to wander back and forth on the celestial 
sphere with varying speed. As an example, Figure 3-4 shows the 
wandering motion of Mars with respect to the background of stars 
during 2011 and 2012. (This figure shows that the name planet is 
well deserved; it comes from a Greek word meaning “wanderer.”) 

CAUTION On a map of Earth with north at the top, west is to the 
left and east is to the right. Why, then, is east on the left and west 


on the right in Figure 3-4? The answer is that a map of Earth is a 
view looking downward at the ground from above, while a star 
map like Figure 3-4 is a view looking upward at the sky. If the con¬ 
stellation Leo in Figure 3-4 were directly overhead, Virgo would be 
toward the eastern horizon and Cancer would be toward the west¬ 
ern horizon. 

Most of the time planets drift slowly eastward relative to the 
stars, just as the Sun and Moon do. For example, Figure 3-4 shows 
that Mars moves slowly eastward night after night from October 
2011 through January 2012 and from April through August 2012. 
Occasionally, however, the planet will seem to stop and then back up 
for several weeks or months. This occasional westward movement is 
called retrograde motion. Mars will undergo retrograde motion dur¬ 
ing February and March 2012 (see Figure 3-4), and will do so again 



>t/o^ 

t Figure 3-4 

The Path of Mars in 2011-2012 From October 2011 through August 2012, Mars 
will move across the zodiac constellations Cancer, Leo, and Virgo. Mars’s motion will be direct 
(from west to east, or from right to left in this figure) most of the time but will be retrograde 


(from east to west, or from left to right in this figure) during February and March 2011. Notice 
that the speed of Mars relative to the stars is not constant: The planet travels farther across 
the sky from October 1 to December 1 than it does from December 1 to February 1. 
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about every 22 Vi months. All the other planets go through retro¬ 
grade motion, but at different intervals. In the language of the 
merry-go-round analogy in Figure 3-3, the Greeks imagined the 
planets as children walking around the rotating merry-go-round but 
who keep switching directions! 

Whether a planet is in direct or retrograde motion, over the 
course of a single night you will see it rise in the east and set in the 
west. That’s because both direct and retrograde motions are much 
slower than the apparent daily rotation of the sky. Hence, they are 
best detected by mapping the position of a planet against the back¬ 
ground stars from night to night over a long period. Figure 3-4 is a 
map of just this sort. 


( ConceptCheck 3-2?) If Mars is moving retrograde, will it rise 
above the eastern horizon or above the western horizon? 

ConceptCheck 3-3: ) How fast is Earth spinning on its axis in the 
Greeks’ geocentric model? 

Answers appear at the end of the chapter. 

The Ptolemaic System 

Although one could imagine that the stars, planets, Moon, and Sun 
generally moved in a simple motion around Earth, the alternating 
forward and retrograde motions of the planets were not so easily 
explained by imagining a celestial sphere simply moving around 
Earth. In fact, successfully proposing a mechanism for the nonuni¬ 
form motions of the five planets was one of the main challenges 
facing the astronomers of antiquity. 

The Greeks developed many different theories to account for 
retrograde motion and the loops that the planets trace out against 
the background stars. One of the most successful and enduring 
explanations was advanced by Ptolemy, the last of the great Greek 
astronomers, during the second century a.d. (Figure 3-5 a). In Ptol¬ 
emy’s model, each planet is assumed to move in a small circle, 
whose center in turn moves in a larger circle, which is centered 
approximately on Earth. Both the circles rotate in the same coun¬ 
terclockwise sense (looking down from the north), as shown in 
Figure 3 -5a. 

In this model, most of the time the planet will appear to drift 
slowly eastward as seen from Earth when compared to the back¬ 
ground stars. However, when the planet is nearest Earth, the motion 
of the planet appears to slow down and halt its usual eastward 


Figure 3-5 

A Geocentric Explanation of Retrograde Motion (a) The ancient Greeks 
imagined that each planet moves along an epicycle, which in turn moves along a deferent 
centered approximately on the Earth. The planet moves along the epicycle more rapidly 
than the epicycle moves along the deferent, (b) At most times the eastward motion of the 
planet on the epicycle adds to the eastward motion of the epicycle on the deferent. Then 
the planet moves eastward in direct motion as seen from Earth, (c) When the planet is on 
the inside of the deferent, its motion along the epicycle is westward. Because this motion 
is faster than the eastward motion of the epicycle on the deferent, the planet appears 
from Earth to be moving westward in retrograde motion. 



(a) Planetary motion modeled as a combination of circular motions 




(c) Modeling retrograde motion 
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movement among the constellations, and actually goes backward 
in retrograde (westward) motion for a few weeks or months (Figure 
3-5c). Although complicated, this mechanism allowed the Greek 
astronomers to explain and accurately predict the retrograde loops 
of the planets. This incredibly complicated approach to predicting 
the motions of the planets was so successful that it was used for 
more than 1000 years as the most useful description of the workings 
of the heavens. 

(ConceptCheck 3-4:} What causes the planets to actually stop 
and change their direction of motion in the Ptolemaic model? 

Answer appears at the end of the chapter. 

(t&M Nicolaus Copernicus devised the first 
comprehensive Sun-centered model 

The idea that the most simple and most straightforward explanation 
of observations in nature is most likely to be correct is called Oc¬ 
cam’s razor, after William of Occam (or Ockham), the fourteenth- 
century English philosopher who first expressed it. (The “razor” 
refers to shaving extraneous details from an argument or explana¬ 
tion.) Although Occam’s razor has no proof or verification, it ap¬ 
peals to a scientist’s sense of beauty and elegance, and it has helped 
lead to the simple and powerful laws of nature that scientists 
use today. Clearly, Ptolemy’s incredibly complicated mechanism for 


predicting the motions of planets is inconsistent with Occam’s razor. 
The first astronomer to suggest a simpler and more straightforward 
model was the Greek astronomer Aristarchus, who in the third cen¬ 
tury b.c. suggested a Sun-centered, or heliocentric, model as a way 
to explain retrograde motion, but it was not widely accepted. 

A Heliocentric Model Explains 
Retrograde Motion 

Imagine riding on a fast racehorse. As you pass a slowly walking 
pedestrian, he appears to move backward, even though he is travel¬ 
ing in the same direction as you and your horse. This sort of simple 
observation inspired Aristarchus and others to formulate a helio¬ 
centric (Sun-centered) model in which all the planets, including 
Earth, revolve about the Sun. In this way of thinking, planets take 
different lengths of time to complete an orbit, so from time to time 
one planet will overtake another, just as a fast-moving horse over¬ 
takes a person on foot. When Earth overtakes Mars, for example, 
Mars appears to move backward in retrograde motion, as Figure 
3-6 shows. Thus, in the heliocentric picture, the occasional retro¬ 
grade motion of a planet across the sky is an illusion due to Earth’s 
motion. 

In the last section, we described how Aristarchus demonstrated 
that the Sun is bigger than Earth. If the Sun is enormous in size com¬ 
pared to Earth, it becomes a bit more sensible to imagine a small 
Earth orbiting a larger Sun. He also imagined that Earth rotated on 
its axis once a day, which explained the daily rising and setting of the 


3. From point 6 to point 9, Mars 
again appears to move eastward 
against the background of stars 
as seen from Earth 
(direct motion). 


2. As Earth passes Mars in its 
orbit from point 4 to point 6, 
Mars appears to move westward 
against the background of stars 
(retrograde motion). 


1. From point 1 to point 4, 
Mars appears to move eastward 
against the background of stars 
as seen from Earth 
(direct motion). 



, Figure 3-6 
A Heliocentric Explanation 
of Retrograde Motion In the heliocentric model of 
Aristarchus, the Earth and the other planets orbit the 
Sun. The Earth travels around the Sun more rapidly 
than Mars. Consequently, as the Earth overtakes and 
passes this slower-moving planet, Mars appears for a 
few months (from points 4 through 6) to fall behind and 
move backward with respect to the background of stars. 
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Sun, Moon, and planets and the diurnal motions of the stars. To 
explain why the apparent motions of the planets never take them far 
from the same path through the sky, Aristarchus proposed that the 
orbits of Earth and all the planets must lie in nearly the same plane. 

This heliocentric model is conceptually much simpler than an 
Earth-centered system, such as that of Ptolemy, with all its “circles 
upon circles.” In Aristarchus’s day, however, the idea of an orbiting, 
rotating Earth was not widely accepted given Earth’s apparent still¬ 
ness and immobility. 

(ConceptCheck 3-5:} In the heliocentric model, would an 
imaginary observer on the Sun look out and see planets moving in 
retrograde motion? 

Answer appears at the end of the chapter. 

Copernicus and the Arrangement 
of the Planets 

How can an observer determine which planets are closest to the 
Sun and which are farthest away? If you have a telescope, you can 
sometimes tell that some appear larger than others. But what if you 
don’t have a telescope and planets appear to be shiny dots in the 
sky? For early astronomers, the order of the planets from closest to 
the Sun to most distant from the Sun was largely guesswork. During 
the first half of the sixteenth century, a Polish lawyer, physician, 
canon of the church, and gifted mathematician named Nicolaus 
Copernicus (Figure 3-7) began to construct a new model of the 



Figure 3-7 

Nicolaus Copernicus (1473-1543) Copernicus was the first person to work out the 
details of a heliocentric system in which the planets, including the Earth, orbit the Sun. (E. 
Lessing/Magnum) 


universe. His model, which placed the Sun at the center, explained 
the motions of the planets in a more natural way than the Ptolemaic 
system, consistent with Occam’s razor. 

Copernicus came to realize that you could use the heliocentric 
model to determine the arrangement of the planets without ambigu¬ 
ity. Copernicus realized that because Mercury and Venus are always 
observed fairly near the Sun in the sky, their orbits must be smaller 
than Earth’s. The other visible planets known at that time—Mars, 
Jupiter, and Saturn—are sometimes seen on the side of the celestial 
sphere opposite the Sun, so these planets appear high above the 
horizon at midnight (when the Sun is far below the horizon). When 
this happens, Earth must lie between the Sun and these planets. 
Copernicus therefore concluded that the orbits of Mars, Jupiter, and 
Saturn must be larger than Earth’s orbit. 

The heliocentric model also explains why planets appear in 
different parts of the sky on different dates. Both Mercury and 
Venus go through cycles as they orbit the Sun: They are seen in the 
west after sunset for several weeks or months, then for several weeks 
or months in the east before sunrise, and then in the west after 
sunset again. 

Figure 3-8 shows the reason for this cycle. When Mercury or 
Venus is visible after sunset, it is near greatest eastern elongation. 
(The angle between the Sun and a planet as viewed from Earth is 
called the planet’s elongation.) The planet’s position in the sky is as 
far east of the Sun as possible, so it appears above the western 
horizon after sunset (that is, to the east of the Sun) and is often 
called an “evening star.” At greatest western elongation, Mercury 
or Venus is as far west of the Sun as it can possibly be. It then rises 
before the Sun, gracing the predawn sky as a “morning star” in the 
east. When Mercury or Venus is at inferior conjunction, it is between 
us and the Sun, and it is moving from the evening sky into the 
morning sky. At superior conjunction, when the planet is on the 
opposite side of the Sun, it is moving back into the evening sky. 

A planet farther from the Sun than Earth whose orbit is larger 
than Earth’s, such as Mars, is best seen in the night sky when it is 
at opposition. At this point the planet is in the part of the sky op¬ 
posite the Sun and is highest in the sky at midnight. This is also 
when the planet appears brightest, because it is closest to us. Alter¬ 
natively, when a planet is located behind the Sun at superior con¬ 
junction, it is above the horizon during the daytime and thus is not 
well placed for nighttime viewing. 

( ConceptCheck 3-6?) If Venus is visible high in the evening sky 
after sunset, is it leading Earth in its orbit or behind Earth? 

( ConceptCheck 3-7:) How many times is Mars at inferior 
conjunction during one orbit around the Sun? 

Answers appear at the end of the chapter. 

Planetary Periods and Orbit Sizes 

The Ptolemaic system has no simple rules relating the motion of 
one planet to another. But Copernicus showed that there are such 
rules in a heliocentric model. In particular, he found a correspon¬ 
dence between the time a planet takes to complete one orbit—that 
is, its period—and the size of the orbit. 
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zffwt Figure 3-8 

^8^ Planetary Orbits and Configurations 

When and where in the sky a planet can be seen from 
Earth depends on the size of its orbit and its location 
on that orbit. Inferior planets have orbits smaller than 
the Earth’s, while superior planets have orbits larger 
than the Earth’s. (Note that in this figure you are looking 
down onto the solar system from a point far above the 
Earth’s northern hemisphere.) 


Determining the period of a planet takes some care, because 
Earth, from which we must make the observations, is also mov¬ 
ing. Realizing this, Copernicus was careful to distinguish between 
two different periods of each planet. The synodic period is the 
time that elapses between two successive identical configurations 
as seen from Earth—from one opposition to the next, for example, 
or from one conjunction to the next. The sidereal period is the 
true orbital period of a planet, the time it takes the planet to com¬ 
plete one full orbit of the Sun relative to the very distant back¬ 
ground stars. 

There is a definite relationship between the sidereal period of a 
planet and the size of its orbit, as listed in Table 3-1: One can see 
that the farther a planet is from the Sun, the longer it takes to travel 
around its orbit (that is, the longer its sidereal period). Today, we 


understand this is so for two reasons: (1) the larger the orbit, the 
farther a planet must travel to complete an orbit; and (2) the larger 
the orbit, the slower a planet moves. For example, Mercury, with its 
small orbit, moves at an average speed of 47.9 km/s (107,000 mi/h). 
Saturn travels around its large orbit much more slowly, at an aver¬ 
age speed of 9.64 km/s (21,600 mi/h). 

( ConceptCheck 3-8 :) What causes the planets to stop and change 
their direction of motion through the sky in the heliocentric model? 

^ConceptCheck 3-9:) Why is Jupiter’s sidereal period longer than 
its synodic period? 

Answers appear at the end of the chapter. 


« 


TABLE 

Relationship between Sidereal Period and a Planet's Orbit 



Synodic and 

Sidereal Periods of the Planets 


Average Distances 
of the Planets from the Sun 

Planet 

Synodic period 

Sidereal period 

Copernican value (AU*) Modern value (AU) 

Mercury 

116 days 

88 days 

0.38 


0.39 

Venus 

584 days 

225 days 

0.72 


0.72 

Earth 


1.0 year 

1 


1 

Mars 

780 days 

1.9 years 

1.52 


1.52 

Jupiter 

399 days 

11.9 years 

5.22 


5.2 

Saturn 

378 days 

29.5 years 

9.07 


9.55 

Uranus 

370 days 

84.1 years 



19.19 

Neptune 

368 days 

164.9 years 



30.07 


* 1 AU = 1 astronomical unit = average distance from Earth to the Sun 
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The Shapes of Orbits in the Copernican Model 

One might think that Copernicus’s heliocentric model was more 
accurate than Ptolemy’s geocentric model. Copernicus found that 
when he used perfectly circular orbits for a planet’s path around the 
Sun, he could not accurately describe the paths of the other planets. 
As a result, he had to add extra tiny orbits to each planet’s orbit, 
much like Ptolemy used. However, it needs to be emphasized that he 
did this to improve the accuracy of his model, not to explain retro¬ 
grade motion. Rather, these tiny orbits on orbits helped Copernicus 
account for slight variations in each planet’s speed along its orbit. 

Copernicus compiled his ideas and calculations into a book 
entitled De revolutionibus orbium coelestium (On the Revolutions 
of the Celestial Spheres), which was published in 1543, the year of 
his death. For several decades after Copernicus, most astronomers 
saw little reason to change their allegiance from the older geocentric 
model of Ptolemy. The predictions that the Copernican model 
makes for the apparent positions of the planets are, on average, no 
better or worse than those of the Ptolemaic model. The test of Oc¬ 
cam’s razor does not really favor either model, because both use a 
combination of circles to describe each planet’s motion. 

More concrete evidence was needed to convince scholars to 
abandon the old, comfortable idea of a stationary Earth at the 
center of the universe. 

(ConceptCheck 3-10p Why was Copernicus’s model more 
accurate than Ptolemy’s model? 

Answer appears at the end of the chapter. 


fcflcl Galileo's discoveries of moons orbiting 

Jupiter and phases of Venus strongly 
supported a heliocentric model 

If you were a practicing scientist four hundred years ago, what 
would you accept as “proof” that Earth orbited the Sun and not 
the other way around? When Dutch opticians invented the tele¬ 
scope during the first decade of the seventeenth century, astronomy 
was changed forever. The scholar who used this new tool to amass 
convincing evidence that the planets orbit the Sun, not Earth, was 
the Italian mathematician and physical scientist Galileo Galilei 
(Figure 3-9). 

While Galileo did not invent the telescope, he was the first to 
point one of these new devices toward the sky and to publish his 
observations. Beginning in 1609, he saw sights of which no one had 
ever dreamed. He was the first to view mountains on the Moon, 
sunspots on the Sun, rings around Saturn, phases of Venus, moons 
orbiting Jupiter, and that the Milky Way is not a featureless band 
of light passing overhead but rather “a mass of innumerable stars.” 

The Phases of Venus 

One of Galileo’s most important discoveries with the telescope was 
that Venus exhibits phases like those of the Moon (Figure 3-10). 
Galileo also noticed that the apparent size of Venus as seen through 



Figure 3-9 

Galileo Galilei (1564-1642) Galileo was one of the first people to use a telescope to 
observe the heavens. He discovered craters on the Moon, sunspots on the Sun, the phases 
of Venus, and four moons orbiting Jupiter. His observations strongly suggested that the 
Earth orbits the Sun, not vice versa. (Eric Lessing/Art Resource) 


his telescope was related to the planet’s phase. Venus appears small 
at gibbous phase and largest at crescent phase. Figure 3-11 shows 
that these relationships are entirely compatible with a heliocentric 
model in which Earth and Venus both go around the Sun. They are 
also completely incompatible with the Ptolemaic system, in which 
the Sun and Venus both orbit Earth. To explain why Venus is never 



Figure 3-10 RIVUXG 

The Phases of Venus This series of photographs shows how the appearance of Venus 
changes as it moves along its orbit. The number below each view is the angular diameter 
a of the planet in arcseconds. Venus has the largest angular diameter when it is a crescent, 
and the smallest angular diameter when it is gibbous (nearly full). (New Mexico State 
University Observatory) 
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Figure 3-11 

The Changing Appearance of Venus Explained in a Heliocentric Model A heliocentric 
model, in which the Earth and Venus both orbit the Sun, provides a natural explanation for 
the changing appearance of Venus shown in Figure 3-10. 


seen very far from the Sun, the Ptolemaic model had to assume that 
the orbits of Venus and of the Sun move together in lockstep, with 
Venus’s path centered on a straight line between Earth and the Sun 
(Figure 3-12). In this model, Venus was never on the opposite side 
of the Sun from Earth, and so it could never have shown the gibbous 
phases that Galileo observed. 

( ConceptCheck 3-11: ") Which phase will Venus be in when it is at 
its maximum distance from Earth? 

Answer appears at the end of the chapter. 

The Moons of Jupiter 

The guiding philosophy of most people in Galileo’s day was that 
Earth was the center of all orbits. Imagine how surprised observers 
were in 1610 when he discovered four previously unknown moons, 


Figure 3-12 

The Appearance of Venus in the Ptolemaic Model In the geocentric Ptolemaic model 
the deferents of Venus and the Sun rotate together, with the epicycle of Venus centered 
on a line (shown dashed) that connects the Sun and the Earth. In this model an Earth 
observer would never see Venus as more than half illuminated. (At positions a and c, Venus 
appears in a “new” phase; at positions b and d, it appears as a crescent. Compare with 
Figure 3-2, which shows the phases of the Moon.) Because Galileo saw Venus in nearly fully 
illuminated phases, he concluded that the Ptolemaic model must be incorrect. 
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Figure3-13 RIVUXG 

Jupiter and Its Largest Moons This photograph, taken by an amateur astronomer with 
a small telescope, shows the four Galilean satellites alongside an overexposed image 
of Jupiter. Each satellite is bright enough to be seen with the unaided eye, were it not 
overwhelmed by the glare of Jupiter. (Courtesy of C. Holmes) 


now called the Galilean satellites, orbiting Jupiter (Figure 3-13). He 
realized that they were orbiting Jupiter because they appeared to 
move back and forth from one side of the planet to the other. Figure 
3-14 shows confirming observations made by Jesuit observers in 
1620. Astronomers soon realized that the larger the orbit of one of 
the moons around Jupiter, the slower that moon moves and the 
longer it takes that moon to travel around its orbit. These are the 
same relationships that Copernicus deduced for the motions of the 
planets around the Sun. Thus, the moons of Jupiter behave like a 
Copernican system in miniature, demonstrating that Earth is not 
the center of all orbits. 

Contradicting prevailing opinion and religious belief, Galileo’s 
discoveries strongly suggested a heliocentric structure of the uni¬ 
verse. The Roman Catholic church of the day, which was a power¬ 
ful political force in Italy and whose doctrine at the time placed 
Earth at the center of the universe, cautioned Galileo not to advo¬ 
cate a heliocentric model. He nonetheless persisted and was sen¬ 
tenced to spend the last years of his life under house arrest “for 
vehement suspicion of heresy.” Nevertheless, there was no turning 
back. (The Roman Catholic church lifted its ban against Galileo’s 
heliocentric ideas in the 1700s and apologized for its treatment of 
Galileo in 1992.) 

While Galileo’s observations showed convincingly that the 
Ptolemaic model was entirely wrong and that a heliocentric model 
is the more nearly correct one, he was unable to provide a com¬ 
plete explanation of why Earth should orbit the Sun and not vice 
versa. The first person who was able to provide such an explana¬ 
tion was the Englishman Isaac Newton, born on Christmas Day 
of 1642, in the same year that Galileo died. While Galileo revolu¬ 
tionized our understanding of planetary motions, Newton’s con¬ 
tribution was far greater: He deduced the basic laws that govern 
all motions on Earth as well as in the heavens. But before we can 
talk about Newton, we need to pause for a moment and talk about 
a contemporary of Galileo, a mathematician named Johannes 
Kepler. 
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Figure 3-14 

Early Observations of Jupiter’s Moons In 1610 Galileo discovered four “stars” that move 
back and forth across Jupiter from one night to the next. He concluded that these are four 
moons that orbit Jupiter, much as our Moon orbits the Earth. This drawing shows notations 
made by Jesuit observers on successive nights in 1620. The circle represents Jupiter and 
the stars its moons. Compare the drawing numbered 13 with the photograph in Figure 3-13. 
(Yerkes Observatory) 


(ConceptCheck 3-12:~) Why had Jupiter’s moons not been 
observed prior to Galileo’s time? 

Answer appears at the end of the chapter. 


(Effifc Johannes Kepler proposed that planets 

orbit the Sun in elliptical paths, moving fastest 
when closest to the Sun, with the closest 
planets moving at the highest speeds 


.> Astronomers had long assumed that heavenly objects 
' J move in circles, which were considered the most perfect 




and harmonious of all geometric shapes. Many believed 
that if a perfect God resided in heaven along with the stars and plan¬ 
ets, then the motions of these objects must be perfect, too. At the 
beginning of the seventeenth century, and against this context, Jo¬ 
hannes Kepler took on the task of finding a model of planetary mo¬ 
tion that agreed precisely with the observed positions of planets. 
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Elliptical Orbits and Kepler’s First Law 

Kepler was a mathematician and had the unique benefit of access 
to incredibly precise planetary position data, collected by an ec¬ 
centric Danish nobleman named Tycho Brahe. Using this data, 
Kepler dared to try to explain planetary motions with imperfect 
circles. In particular, he found that he had the best success with a 
particular shape called an ellipse. 

You can draw an ellipse by using a loop of string, two thumb¬ 
tacks, and a pencil, as shown in Figure 3-1 5a. Each thumbtack in 
the figure is at a focus (plural foci) of the ellipse; an ellipse has two 
foci. The longest diameter of an ellipse, called the major axis, passes 
through both foci. Half of that distance is called the semimajor axis 
and is usually designated by the letter a. A circle is a special case of 
an ellipse in which the two foci are at the same point (this corre¬ 
sponds to using only a single thumbtack in Figure 3-15 a). The semi¬ 
major axis of a circle is equal to its radius. 

By assuming that planetary orbits were ellipses, Kepler found, 
to his delight, that he could make his theoretical calculations match 
precisely to observations. This important discovery, first published 
in 1609, is now called Kepler’s first law: 

The orbit of a planet about the Sun is an ellipse with the Sun at one 
focus. 

The semimajor axis a of a planet’s orbit is the average distance 
between the planet and the Sun. 

CAUTION The Sun is at one focus of a planet’s elliptical orbit, but 
there is nothing at the other focus. This “empty focus” has geometri¬ 
cal significance because it helps to define the shape of the ellipse, 
but it plays no other role. 

Ellipses come in different shapes, depending on the elongation of the 
ellipse. The shape of an ellipse is described by its eccentricity, desig¬ 
nated by the letter e. The value of e can range from 0 (a circle) to 
just under 1 (nearly a straight line). The greater the eccentricity, the 
more elongated the ellipse. Figure 3-1 5b shows a few examples of 
ellipses with different eccentricities. Because a circle is a special case 
of an ellipse, it is possible to have a perfectly circular orbit. But all 
of the objects that orbit the Sun have orbits that are at least slightly 
elliptical. The most circular of any planetary orbit is that of Venus, 
with an eccentricity of just 0.007; Mercury’s orbit has an eccentric¬ 
ity of 0.206, and a number of small bodies called comets move in 
very elongated orbits with eccentricities just less than 1. 

ConceptCheck 3-13: ) Which orbit is more circlelike—Venus’s 
orbit, with e = 0.007, or Mars’s orbit, with e = 0.093? 

Answer appears at the end of the chapter. 



(a) The geometry of an ellipse 




(b) Ellipses with different eccentricities 



e = 0.90 


A 


v 

e = 0.99 


Figure 3-15 

Ellipses (a) To draw an ellipse, use two thumbtacks to secure the ends of a piece of string, 
then use a pencil to pull the string taut. If you move the pencil while keeping the string taut, 
the pencil traces out an ellipse. The thumbtacks are located at the two foci of the ellipse. The 
major axis is the greatest distance across the ellipse; the semimajor axis is half of this distance, 
(b) A series of ellipses with the same major axis but different eccentricities. An ellipse can 
have any eccentricity from e = 0 (a circle) to just under e = 1 (virtually a straight line). 


perihelion. Conversely, a planet moves most slowly when it is far¬ 
thest from the Sun, at a point called aphelion (Figure 3-16). 

After much trial and error, Kepler found a way to describe just 
how a planet’s speed varies as it moves along its orbit. Figure 3-16 
illustrates this discovery, also published in 1609. Suppose that it 
takes 30 days for a planet to go from point A to point B. During that 
time, an imaginary line joining the Sun and the planet sweeps out a 
nearly triangular area. Kepler discovered that a line joining the Sun 
and the planet also sweeps out exactly the same area during any 
other 30-day interval. In other words, if the planet also takes 30 
days to go from point C to point D, then the two shaded segments 
in Figure 3-16 are equal in area. Kepler’s second law can be stated in 
this way: 


Orbital Speeds and Kepler's Second Law 

Once he knew the shape of a planet’s orbit, Kepler was ready to 
describe exactly how it moves on that orbit. As a planet travels in 
an elliptical orbit, its distance from the Sun varies. Kepler realized 
that the speed of a planet also varies along its orbit. A planet moves 
most rapidly when it is nearest the Sun, at a point on its orbit called 


A line joining a planet and the Sun sweeps out equal areas in equal 
intervals of time. 

This relationship is also called the law of equal areas. In the 
idealized case of a circular orbit, a planet would have to move 
at a constant speed around the orbit in order to satisfy Kepler’s 
second law. 
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Figure 3-16 

Kepler’s First and Second Laws According to 
Kepler’s first law, a planet travels around the Sun along an elliptical 
orbit with the Sun at one focus. According to his second law, a 
planet moves fastest when closest to the Sun (at perihelion) and 
slowest when farthest from the Sun (at aphelion). As the planet 
moves, an imaginary line joining the planet and the Sun sweeps 
out equal areas in equal intervals of time (from A to B or from C to 
D). By using these laws in his calculations, Kepler found a perfect 
fit to the apparent motions of the planets. 



ANALOGY An analogy for Kepler’s second law is a twirling ice skater 
holding weights in each hand. If the skater moves the weights closer 
to her body by pulling her arms straight in, her rate of spin increases 
and the weights move faster; if she extends her arms so the weights 
move away from her body, her rate of spin decreases and the weights 
slow down. Just like the weights, a planet in an elliptical orbit 
travels at a higher speed when it moves closer to the Sun (toward 
perihelion) and travels at a lower speed when it moves away from 
the Sun (toward aphelion). 

fConceptCheck 3-14p According to Kepler’s second law, at what 
point in a communications satellite’s orbit around Earth will it move 
the slowest? 

Answer appears at the end of the chapter. 

Orbital Periods and Kepler's Third Law 

Kepler’s second law describes how the speed of a given planet 
changes as it orbits the Sun. Kepler also deduced a relationship that 
can be used to compare the motions of different planets. Published 
later than his first two propositions and now called Kepler’s third 
law, it states a relationship between the size of a planet’s orbit and 
the time the planet takes to go once around the Sun: 

The square of the sidereal period of a planet is directly proportional 
to the cube of the semimajor axis of the orbit. 

Kepler’s third law says that the larger a planet’s orbit—that is, 
the larger the semimajor axis, or average distance from the planet 
to the Sun—the longer the sidereal period, which is the time it takes 
the planet to complete an orbit. From Kepler’s third law one can 
show that the larger the semimajor axis, the slower the average 
speed at which the planet moves around its orbit. (By contrast, 
Kepler’s second law describes how the speed of a given planet is 
sometimes faster and sometimes slower than its average speed.) This 


qualitative relationship between orbital size and orbital speed is just 
what Aristarchus and Copernicus used to explain retrograde mo¬ 
tion. Kepler’s great contribution was to make this relationship a 
quantitative one. 

It is useful to restate Kepler’s third law as an equation. If a 
planet’s sidereal period P is measured in years and the length of its 
semimajor axis a is measured in astronomical units (AU), where 1 
AU is the average distance from Earth to the Sun, then Kepler’s third 
law is 

Kepler’s third law 

P 2 = a 3 

P = planet’s sidereal period, in years 
a = planet’s semimajor axis, in AU 

We can verify Kepler’s third law for all of the planets, including 
those that were discovered after Kepler’s death, using data from 
Table 3-1. If Kepler’s third law is correct, for each planet the numeri¬ 
cal values of P 2 and a 3 should be equal. This is indeed true to very 
high accuracy, as Table 3-2 shows. 

(ConceptCheck 3-15:} The space shuttle typically orbits Earth at 
an altitude of 300 km whereas the International Space Station orbits 
Earth at an altitude of 450 km. Although the space shuttle takes less 
time to orbit Earth, which one is actually moving at a faster rate? 

C alCUlationCheck 3-2:) If Pluto’s orbit has a semimajor axis of 
39.5 AU, how long does it take Pluto to orbit the Sun once? 

Answers appear at the end of the chapter. 

The Significance of Kepler's Laws 

Kepler’s laws are a landmark in the history of astronomy. They 
made it possible to calculate the motions of the planets with better 
accuracy than any geocentric model ever had, and they helped to 
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TABLE 3-2 


Planet 


A Demonstration of Kepler's Third Law (P 2 = a 3 ) 


Sidereal Period P (years) Semimajor axis a (AU) 


P 2 


Mercury 

0.24 

0.39 

0.06 

0.06 

Venus 

0.61 

0.72 

0.37 

0.37 

Earth 

1.00 

1.00 

1.00 

1.00 

Mars 

1.88 

1.52 

3.53 

3.51 

Jupiter 

11.86 

5.2 

140.7 

140.6 

Saturn 

29.46 

9.55 

867.9 

871.0 

Uranus 

84.1 

19.19 

7,072 

7,067 

Neptune 

164.86 

30.07 

27,180 

27,190 


Kepler's third law states that P 2 = a 3 for each of the planets. The last two columns of this table demonstrate that 
this relationship holds true to a very high level of accuracy. 


justify the idea of a heliocentric model. Kepler’s laws also pass the 
test of Occam’s razor, for they are simpler in every way than the 
schemes of Ptolemy or Copernicus, both of which used a compli¬ 
cated combination of circles. 

But the significance of Kepler’s laws goes beyond understanding 
planetary orbits. These same laws are also obeyed by spacecraft 
orbiting Earth, by two stars revolving about each other in a binary 
star system, and even by galaxies in their orbits about each other. 
Throughout this book, we shall use Kepler’s laws in a wide range 
of situations. 

As impressive as Kepler’s mathematical accomplishments were 
in describing when planets could be found where in the sky, he did 
not prove that the planets orbit the Sun, nor was he able to explain 
why planets move in accordance with his three laws. While we at¬ 
tribute the demonstration that planets orbit the Sun to Galileo, who 
worked independently from Kepler, Isaac Newton is credited as the 
luminary who figured out that gravity was responsible for why the 
planets move as they do. 


( ConceptCheck 3-16P) Do Kepler’s laws of planetary motion apply 
only to the planets? 

Answer appears at the end of the chapter. 


Isaac Newton formulated three laws 
relating force and motion to describe 
fundamental properties of physical reality 


dSmL 


^ Until the mid-seventeenth century, virtually all attempts 
to describe the motions of the heavens were empirical, 
or based directly on data and observations. From Ptol¬ 
emy to Kepler, astronomers would adjust their ideas and calcula¬ 
tions by trial and error until they ended up with answers that agreed 
with observation. 

Isaac Newton (Figure 3-17) introduced a new approach. He 
began with three quite general statements, now called Newton’s 


laws of motion. These laws, deduced from experimental observa¬ 
tion, apply to all forces and all objects. Newton then showed that 
Kepler’s three laws follow logically from these laws of motion and 
from a formula for the force of gravity that he derived from 
observation. 

In other words, Kepler’s laws are not just an empirical descrip¬ 
tion of the motions of the planets, but a direct consequence of the 



Figure 3-17 

Isaac Newton (1642-1727) Using mathematical techniques that he devised, Isaac Newton 
formulated the law of universal gravitation and demonstrated that the planets orbit the 
Sun according to simple mechanical rules. (National Portrait Gallery, London) 
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fundamental laws of physical matter. Using this deeper insight into 
the nature of motions in the heavens, Newton and his successors 
were able to accurately describe not just the orbits of the planets 
but also the orbits of the Moon and comets. 

Newton's First Law 

Newton’s laws of motion describe objects on Earth as well as in the 
heavens. Thus, we can understand each of these laws by considering 
the motions of objects around us. We begin with Newton’s first law 
of motion: 

An object remains at rest, or moves in a straight line at a constant 
speed, unless acted upon by a net outside force. 

By force we mean any push or pull that acts on the object. An 
outside force is one that is exerted on the object by something other 
than the object itself. The net, or total, outside force is the combined 
effect of all of the individual outside forces that act on the object. 

Right now, you are demonstrating the first part of Newton’s 
first law. As you sit in your chair reading this, there are two outside 
forces acting on you: The force of gravity between you and Earth 
pulls you downward and, at the same time, the chair pushes up on 
you. These two forces are of equal strength but of opposite direc¬ 
tion, so their effects cancel—there is no net outside force. Hence, 
your body remains at rest as stated in Newton’s first law. If you try 
to lift yourself out of your chair by grabbing your knees and pulling 
up, you will remain at rest because this force is not an outside force. 

CAUTION The second part of Newton’s first law, about objects in 
motion, may seem to go against common sense. If you want to make 
this book move across the floor in a straight line at a constant speed, 
you must continually push on it. You might therefore think that 
there is a net outside force, the force of your push. But another force 
also acts on the book—the force of friction as the book rubs across 
the floor. As you push the book across the floor, the force of your 
push exactly balances the force of friction, so again there is no net 
outside force. The effect is to make the book move in a straight line 
at constant speed, just as Newton’s first law says. If you stop push¬ 
ing, there will be nothing to balance the effects of friction. Then 
there will be a net outside force and the book will slow to a stop. 

Newton’s first law tells us that if no net outside force acts on 
a moving object, it can only move in a straight line and at a constant 
speed. This means that a net outside force must be acting on the 
planets since they don’t move in straight lines, but instead move 
around elliptical paths. To see why, note that a planet would tend 
to fly off into space at a steady speed along a straight line if there 
were no other outside force acting on it to keep it moving around 
our Sun. Because this does not happen, Newton concluded that a 
force must act continuously on the planets to keep them in their 
elliptical orbits. 

( ConceptCheck 3-17:) If the 815 kg unmanned Voyager 2 
interplanetary space probe was traveling at 60,000 kilometers per hour 
without any rocket engines firing in 2006, how fast will it be moving in 
2012, still without engines? 

Answer appears at the end of the chapter. 


Newton's Second Law 

Newton’s second law describes how the motion of an object changes 
if there is a net outside force acting on it. To appreciate New¬ 
ton’s second law, we must first understand quantities that describe 
motion—speed, velocity, and acceleration. 

Speed is a measure of how fast an object is moving. Speed and 
direction of motion together constitute an object’s velocity. Com¬ 
pared with a car driving north at 100 km/h (62 mi/h), a car driving 
east at 100 km/h has the same speed but a different velocity. We can 
restate Newton’s first law to say that an object has a constant veloc¬ 
ity (its speed and direction of motion do not change) if no net 
outside force acts on the object. 

Acceleration is the rate at which velocity changes. Because ve¬ 
locity involves both speed and direction, acceleration can result 
from changes in either. Contrary to popular use of the term, ac¬ 
celeration does not simply mean speeding up. A car is accelerating 
if it is speeding up, and it is also accelerating if it is slowing down 
or turning (that is, changing the direction in which it is moving). 

You can verify these statements about acceleration if you think 
about the sensations of riding in a car. If the car is moving with a 
constant velocity (in a straight line at a constant speed), you feel 
the same as if the car were not moving at all. But you can feel it 
when the car accelerates in any way: You feel thrown back in your 
seat if the car speeds up, thrown forward if the car slows down, and 
thrown sideways if the car changes direction in a tight turn. 

An apple falling from a tree is a good example of acceleration 
that involves only an increase in speed. Initially, at the moment the 
stem breaks, the apple’s speed is zero. After 1 second, its downward 
speed is 9.8 meters per second, or 9.8 m/s (32 feet per second, or 
32 ft/s). After 2 seconds, the apple’s speed is twice this, or 19.6 m/s. 
After 3 seconds, the speed is 29.4 m/s. Because the apple’s speed 
increases by 9.8 m/s for each second of free fall, the rate of accelera¬ 
tion is 9.8 meters per second per second, or 9.8 m/s 2 (32 ft/s 2 ). Thus, 
Earth’s gravity gives the apple a constant acceleration of 9.8 m/s 2 
downward, toward the center of Earth. 

A planet revolving about the Sun along a perfectly circular orbit 
is an example of acceleration that involves change of direction only. 
As the planet moves along its orbit, its speed remains constant. 
Nevertheless, the planet is continuously being accelerated because 
its direction of motion is continuously changing. 

Newton’s second law of motion says that in order to give an 
object an acceleration (that is, to change its velocity), a net outside 
force must act on the object. To be specific, this law says that the 
acceleration of an object is proportional to the net outside force 
acting on the object. That is, the harder you push on an object, the 
greater the resulting acceleration. This law can be succinctly stated 
as an equation. If a net outside force F acts on an object of mass m, 
the object will experience an acceleration a described by the math¬ 
ematical equation 

Newton’s second law 

F = ma 

F = net outside force on an object 
m = mass of object 
a = acceleration of object 
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The mass of an object is a measure of the total amount of mate¬ 
rial in the object. It is usually expressed in kilograms (kg). For ex¬ 
ample, the mass of the Sun is 2 X 10 30 kg, the mass of a hydrogen 
atom is 1.7 X 10“ 27 kg, and the mass of an average adult is 75 kg. 
The Sun, a hydrogen atom, and a person have these masses regard¬ 
less of where they happen to be in the universe. 

CAUTION It is important not to confuse the concepts of mass and 
weight. Weight is the force of gravity that acts on an object and, 
like any force, is usually expressed in pounds or newtons (1 newton 
= 0.225 pound). 

We can use Newton’s second law to relate mass and weight. 
We have seen that the acceleration caused by Earth’s gravity is 
9.8 m/s 2 . When a 50-kg swimmer falls from a diving board, the only 
outside force acting on her as she falls is her weight. Thus, from 
Newton’s second law (F = ma ), her weight is equal to her mass 
multiplied by the acceleration due to gravity: 


Newton realized that because each planet is gravitationally at¬ 
tracted to the Sun, the Sun must also be attracted to the planets. 
However, the planets are much less massive than the Sun (for ex¬ 
ample, Earth has only 1/300,000 of the Sun’s mass). Therefore, al¬ 
though the Sun’s attraction to a planet is the same as the 
planet’s attraction to the Sun, the planet’s much smaller mass gives it 
a much larger acceleration and moves it significantly more than the 
Sun. This is why the planets circle the Sun instead of vice versa. Thus, 
Newton’s laws reveal the reason for our heliocentric solar system. 

( ConceptCheck 3-18: ) If a door on the International Space 
Station requires 100 newtons of force to be pushed open, and, 
according to Newton’s third law, the door pushes back on an astronaut 
with an equal but opposite force of 100 newtons, why is it that an 
astronaut can successfully open the door? 

Answer appears at the end of the chapter. 


50 kg X 9.8 m/s 2 = 490 newtons = 110 pounds 

Note that this answer is correct only when the swimmer is on 
Earth. She would weigh less on the Moon, where the gravitational 
attraction between the swimmer and the Moon is weaker because 
the Moon has less mass than Earth. Alternatively, she would weigh 
more on Jupiter because Jupiter has more mass and the gravitational 
attraction between the two is greater. Floating deep in space, she 
would have no weight at all; she would be “weightless.” Neverthe¬ 
less, in all these circumstances, she would always have exactly the 
same mass, because mass is an inherent property of matter regardless 
of where it is located. Whenever we describe the properties of plan¬ 
ets, stars, or galaxies, we speak of their masses, never of their weights. 

We have seen that a planet is continually accelerating as it 
orbits the Sun. From Newton’s second law, this means that there 
must be a net outside force that acts continually on each of the 
planets. As we will see in the next section, these forces are the 
gravitational attractions between the planets and our Sun. 

Cal CUlationCheck 3-3:) How fast is the space shuttle traveling 
3 seconds after launch if it is accelerating at a rate of about 20 m/s 2 ? 

Answer appears at the end of the chapter. 

Newton's Third Law of Motion 

The last of Newton’s general laws of motion, called Newton’s 
third law of motion, is the famous statement about action and 
reaction: 

Whenever one object exerts a force on a second object, the second 
object exerts an equal and opposite force on the first object. 

For example, if you weigh 110 pounds, when you are standing 
up you are pressing down on the floor with a force of 110 pounds. 
Newton’s third law tells us that the floor is also pushing up against 
your feet with an equal force of 110 pounds. You can think of each 
of these forces as a reaction to the other force, which is the origin 
of the often used phrase “every action has an equal and opposite 
reaction.” 


dS) Newton's description of gravity 

accounts for Kepler's laws and explains the 
motions of the planets 


a t0 ° ne en< ^ a P* ece hold the other 

K jJW] ^ end of the string in your hand, and whirl the ball around 
i n a c i rc le. As the ball “orbits” your hand, it is continu¬ 
ously accelerating because its velocity is changing. (Even if its speed 
is constant, its direction of motion is changing.) In accordance with 
Newton’s second law, this can happen only if the ball is continu¬ 
ously acted on by an outside force—the pull of the string. The pull 
is directed along the string toward your hand. In the same way, 
Newton saw, the gravitational attractions between the planets and 
the Sun act as a pull toward the significantly more massive Sun. 
That pull is gravity, or gravitational force. 

Newton’s discovery about the forces that act on planets led him 
to suspect that the force of gravity pulling a falling apple straight 
down to the ground is fundamentally the same as the force on a 
planet that is always directed straight at the Sun. In other words, 
gravity is the force that shapes the orbits of the planets. What is 
more, he was able to determine how the gravitational attractions 
between the planets and the Sun depend on the distances between 
them. His result was a law of gravitation that could apply to the 
motion of distant planets as well as to the flight of a soccer ball on 
Earth. Using this law, Newton achieved the remarkable goal of 
deducing Kepler’s laws from fundamental principles of nature. 

To see how Newton reasoned, think again about a ball attached 
to a string. If you use a short string, so that the ball orbits in a small 
circle, and whirl the ball around your hand at a high speed, you will 
find that you have to pull fairly hard on the string (Figure 3-1 8a). 
But if you use a longer string, so that the ball moves in a larger orbit, 
and if you make the ball orbit your hand at a slow speed, you only 
have to exert a light tug on the string (Figure 3-18 b). The orbits of 
the planets behave in the same way; the larger the size of the orbit, 
the slower the planet’s speed (Figure 3-18 c, d). By analogy to the 
force of the string on the orbiting ball, Newton concluded that the 
force that attracts a planet toward the Sun must decrease with in¬ 
creasing distance from the Sun. 
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Figure 3-18 

An Orbit Analogy (a) To make a ball on a string move at high speed 
around a small circle, you have to exert a substantial pull on the 
string, (b) If you lengthen the string and make the same ball move 
at low speed around a large circle, much less pull is required, (c), 

(d) Similarly, a planet that orbits close to the Sun moves at high 
speed and requires a substantial gravitational force from the Sun, 
while a planet in a large orbit moves at low speed and requires less 
gravitational force to stay in orbit. 




(a) (b) 


To make a planet move at a high 
speed in a small orbit requires a 
strong gravitational force. 



(C) 


To make the same planet move at a 
low speed in a larger orbit requires 
only a weak gravitational force. 



(d) 


The Law of Universal Gravitation 

Using his own three laws and Kepler’s three laws, Newton suc¬ 
ceeded in formulating a general statement that describes the nature 
of the gravitational force. Newton’s law of universal gravitation is 
as follows: 

Two objects attract each other with a force that is directly propor¬ 
tional to the mass of each object and inversely proportional to the 
square of the distance between them. 

This law states that any two objects exert gravitational pulls 
on each other. Normally, you notice only the gravitational force that 
Earth exerts on you, otherwise known as your weight. In fact, you 
feel gravitational attractions to all the objects around you. For ex¬ 
ample, this book is exerting a gravitational force on you as you read 
it. But because the force exerted on you by this book is proportional 
to the book’s mass, which is very small compared to Earth’s mass, 
the force is too small to notice. (It can actually be measured with 
sensitive equipment.) 

Consider two 1-kg objects separated by a distance of 1 meter. 
Newton’s law of universal gravitation says that the force is directly 
proportional to the mass, so if we double the mass of one object 
to 2 kg, the force between the objects will double. If we double 
both masses so that we have two 2-kg objects separated by 1 meter, 
the force will be 2 X 2 = 4 times what it was originally (the force 
is directly proportional to the mass of each object). If we go back 


to two 1-kg masses, but double their separation to 2 meters, the 
force will be only one-quarter its original value. This is because 
the force is inversely proportional to the square of the distance: 
If we double the distance, the force is multiplied by a factor of 
1 _ 1 

” 4* 

Newton’s law of universal gravitation can be stated more suc¬ 
cinctly as an equation. If two objects have masses m x and m 2 and 
are separated by a distance r, then the gravitational force F between 
these two objects is given by the following equation: 

Newton’s law of universal gravitation 


V ' 

F — gravitational force between two objects 
m x — mass of first object 
m 2 = mass of second object 
r = distance between objects 
G = universal constant of gravitation 

If the masses are measured in kilograms and the distance be¬ 
tween them in meters, then the force is measured in newtons. In this 
formula, G is a number called the universal constant of gravitation. 
Laboratory experiments have yielded a value for G of 

G = 6.67 X 10 -11 newton • m 2 /kg 2 
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We can use Newton’s law of universal gravitation to calculate 
the force with which any two objects attract each other. For ex¬ 
ample, to compute the gravitational force that the Sun exerts on 
Earth, we substitute values for Earth’s mass (m 1 = 5.98 X 10 24 kg), 
the Sun’s mass (m 2 = 1.99 X 10 30 kg), the distance between them 
(r= 1AU= 1.5 X 10 11 m), and the value of G into Newton’s equa¬ 
tion. We get 


F v = 6.67 X10- 11 

Sun-harth 


(5.98 Xl0 24 )x (1.99 X10 30 ) 


= 3.53 X10 22 newtons 


(1.50 X10 11 ) 2 


If we calculate the force that Earth exerts on the Sun, we get 
exactly the same result. (Mathematically, we just let m 1 be the Sun’s 
mass and m 2 be Earth’s mass instead of the other way around. The 
product of the two numbers is the same, so the force is the same.) 
This is in accordance with Newton’s third law: Any two objects 
exert equal gravitational forces on each other. 

Your weight is just the gravitational force that Earth exerts on 
you, so we can calculate it using Newton’s law of universal gravita¬ 
tion. Earth’s mass is m 1 = 5.98 X 10 24 kg, and the distance r is the 
distance between the centers of Earth and you. This is just the radius 
of Earth, which is r = 6378 km = 6.378 X 10 6 m. If your mass is 
m 2 = 5 0 kg, your weight is 


(5.98 X 10 24 ) X (50) 

(6.378 X10 6 ) 2 

= 490 newtons 

This is the same as the weight of a 50-kg person that we calculated 
earlier. This example shows that your weight would have a different 
value on a planet with a different mass m 1 and a different radius r. 

(ConceptCheck 3-19:*) How much does the gravitational force of 
attraction change between two asteroids if the two asteroids drift 3 
times closer together? 

C alCUlationCheck 3-4:) How much would a 75-kg astronaut, 
weighing about 165 pounds on Earth, weigh in newtons and in pounds 
if he was standing on Mars, which has a mass of 6.4 X 10 23 kg and a 
radius of 3.4 X 10 6 m? 

Answers appear at the end of the chapter. 

Gravitational Force and Orbits 

Because there is a gravitational force between any two objects, New¬ 
ton concluded that gravity is also the force that keeps the Moon in 
orbit around Earth. It is also the force that keeps artificial satellites 
in orbit. But if the force of gravity attracts two objects to each other, 
why don’t satellites immediately fall to Earth? Why doesn’t the 
Moon fall into Earth? And, for that matter, why don’t the planets 
fall into the Sun? 

Let’s conduct an imaginary experiment. Suppose you were to 
imagine dropping a ball from a great height above Earth’s surface, 


F u = 6.67 X10- 11 

harth-you 


as in Figure 3-19. After you drop the ball, it, of course, falls straight 
down (path A in Figure 3-19). But if you throw the ball horizon¬ 
tally, it travels some distance across Earth’s surface before hitting 
the ground (path B). If you throw the ball harder, it travels a greater 
distance (path C). If you could throw at just the right speed, the 
curvature of the ball’s path will exactly match the curvature of 
Earth’s surface (path E). Although Earth’s gravity is making the 
ball fall, Earth’s surface is moving away under the ball at the same 
rate. Hence, the ball does not get any closer to the surface, and we 
would say that “the ball is in circular orbit.” So the ball in path E 
is in fact falling, but it is falling around Earth rather than toward 
Earth. 

A spacecraft is launched into orbit in just this way—by shoot¬ 
ing it fast enough. The thrust of a rocket is used to give the space¬ 
craft the necessary orbital speed. Once the spacecraft is in orbit, the 
rocket engines are turned off and the spacecraft falls continually 
around Earth. 

CAUTION An astronaut on board an orbiting spacecraft feels 
“weightless.” However, this is not because she is “beyond the pull 
of gravity.” The astronaut is herself an independent satellite orbiting 
Earth, and Earth’s gravitational pull is what holds her in orbit. She 
feels “weightless” because she and her spacecraft are falling together 
around Earth, so there is nothing pushing her against any of the 





Figure 3-19 

An Explanation of Orbits If a ball is dropped from a great height above the 
Earths surface, it falls straight down (A). If the ball is thrown with some horizontal speed, 
it follows a curved path before hitting the ground (B, C). If thrown with just the right speed 
(E), the ball goes into circular orbit; the ball’s path curves but it never gets any closer to the 
Earths surface. If the ball is thrown with a speed that is slightly less (D) or slightly more (F) 
than the speed for a circular orbit, the ball’s orbit is an ellipse. 
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spacecraft walls. You feel the same “weightless” sensation whenever 
you are falling, such as when you jump off a diving board into a 
swimming pool or ride one of the free-fall rides at an amusement 
park. 

If the ball in Figure 3-19 is thrown with a slightly slower speed 
than that required for a circular orbit, its orbit will be an ellipse 
(path D). An elliptical orbit also results if instead the ball is thrown 
a bit too fast (path F). In this way, spacecraft can be placed into 
any desired orbit around Earth by adjusting the initial rocket 
thrust. 

Just as the ball in Figure 3-19 will not fall to Earth if given 
enough speed, the Moon does not fall to Earth and the planets do 
not fall into the Sun. The planets acquired their initial speeds 
around the Sun when the solar system first formed 4.56 billion 
years ago. Figure 3-19 shows that a circular orbit is a very special 
case, so it is no surprise that the orbits of the planets are not pre¬ 
cisely circular. 


CAUTION Orbiting satellites do sometimes fall out of orbit and crash 
back to Earth. When this happens, however, the real culprit is not 
gravity but air resistance. A satellite in a relatively low orbit is actu¬ 
ally flying through the tenuous outer wisps of Earth’s atmosphere. 
The resistance of the atmosphere slows the satellite and changes a 
circular orbit like E in Figure 3-19 to an elliptical one like D. As the 
satellite sinks to lower altitude, it encounters more air resistance 
and sinks even lower. Eventually, it either strikes Earth or burns up 
in flight due to air friction. By contrast, the Moon and planets orbit 
in the near-vacuum of interplanetary space. Hence, they are unaf¬ 
fected by this kind of air resistance, and their orbits are much more 
long-lasting. 

( ConceptCheck 3-20:) What keeps the International Space 
Station from crashing into Earth when it has no rocket engines 
constantly pushing it around Earth? 

Answer appears at the end of the chapter. 



Kepler's Laws 



PROMPT: What would you tell a fellow student who said, “Planets 
move fastest when farthest from the Sun because there is more 
gravity at great distances.” 

ENTER RESPONSE: 


Guiding Questions: 

1. Planets move about our Sun 

a. fastest when farthest from our Sun. 


b. fastest when closest to our Sun. 

c. at the same speed no matter their distance. 

d. slower for relatively smaller orbits. 

2. The gravitational attraction between an orbiting planet and our 
Sun is greatest for 

a. longer distances. 

b. shorter distances. 

c. the more rapidly spinning planets. 

d. planets with the thickest atmospheres. 

3. For a given amount of time, a line drawn between a planet and 
the Sun will sweep out 

a. the same size area regardless of distance. 

b. a greater area when close to the Sun. 

c. a smaller area when close to the Sun. 

d. an area that always covers the ellipse’s second focus point. 

4. With an average distance of about 150 million kilometers (93 
million miles), the difference between the Earth’s closest ap¬ 
proach and most distant positions in its elliptical orbit about 
the Sun is roughly 

a. 5 kilometers (4 miles). 

b. 5 million kilometers (4 million miles). 

c. 50 million kilometers (40 million miles). 

d. 500 million kilometers (400 million miles). 
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Key Ideas and Terms 

3-1 Astronomers of antiquity used observation and reasoning to develop 

astonishing advances in the study of astronomy 

• Ancient Greeks knew Earth was round because of Earth’s curved 
shadow on the Moon during a lunar eclipse. 

• Eratosthenes estimated the size of Earth by comparing noontime 
shadow lengths at different locations on Earth. 

• Aristarchus determined relative distances to the Sun and Moon by 
carefully measuring the speed of Earth’s shadow during an eclipse and 
the angle between the Sun and a first quarter moon. 

• Powers of ten are used to express large and small numbers where 10 3 
is the same as 1000 and noted using the prefix kilo-. 

• An astronomical unit is the average distance between Earth and the Sun. 

• A light-year is the distance light travels in one year in empty space. 

• A concept of Earth at the center of the universe with planets, the Sun, 
and stars orbiting around Earth is known as a geocentric model. 

• Retrograde motion is the apparent westward movement of planets 
normally traveling from west to east against the apparently stationary 
background stars. 

• Ptolemy imagined a universe where planets could change apparent 
direction of motion by moving in tiny circular orbits attached to larger 
and larger circular orbits. 

3-2 Nicolaus Copernicus devised the first comprehensive Sun-centered 

model 

• The idea that the most simple and most straightforward explanation 
of observations in nature is most likely to be correct is called Occam’s 
razor. 

• Copernicus advocated a conception of the universe with our Sun at 
the center of the universe and Earth orbiting the Sun, just like the 
other planets, known as the heliocentric model. 

• Viewed from Earth, greatest eastern elongation is the farthest a planet 
can be observed from the rising Sun. 

• Viewed from Earth, greatest western elongation is the farthest a planet 
can be observed from the setting Sun. 

• Planets are at inferior conjunction when they are between Earth and 
the Sun. 

• A planet is at superior conjunction when the Sun is between Earth and 
the planet. 

• Planets are at opposition when Earth is between the planet and the 
Sun. 

• The length of time for a planet to orbit the Sun is known as its period. 

• The synodic period is the time that elapses between two successive 
identical configurations as seen from Earth—from one opposition to 
the next, for example, or from one conjunction to the next. 

• The sidereal period is the true orbital period of a planet, the time it 
takes the planet to complete one full orbit of the Sun relative to the 
very distant background stars. 

3-3 Galileo Galilei supported the heliocentric model with discoveries of 

moons orbiting Jupiter and phases of Venus 

• Galileo used his telescope to observe moons orbiting Jupiter, 
demonstrating Earth was not the center of all orbits. 


• Galileo’s telescope observations of the phases of Venus demonstrated 
Venus could not be orbiting Earth, but must be orbiting the Sun 
instead. 

3-4 Johannes Kepler proposed that planets orbit the Sun in elliptical 
paths, moving fastest when closest to the Sun, with the closest planets 
moving at the highest speeds 

• Kepler’s first law is that the orbit of a planet about the Sun is an ellipse 
with the Sun at one focus. 

• Eccentricity is a measure of the relative roundness of an elliptical 
shape. 

• The semimajor axis, a, of a planet’s orbit is the average distance 
between the planet and the Sun. 

• The closest an orbiting planet gets to its central star is its perihelion 
distance, while the farthest an orbiting planet gets from its central star 
is its aphelion distance. 

• Kepler’s second law is that a line joining a planet and the Sun sweeps 
out equal areas in equal intervals of time and is also known as the law 
of equal areas. 

• Kepler’s third law says that the larger a planet’s orbit—that is, the 
larger the semimajor axis, or average distance from the planet to 
the Sun—the longer the sidereal period, which is the time it takes 
the planet to complete an orbit and is sometimes written as 

P 2 = a 3 . 

3-5 Isaac Newton formulated three laws relating force and motion to 
describe fundamental properties of physical reality 

• Newton’s first law of motion is that an object remains at rest, or 
moves in a straight line at a constant speed, unless acted upon by a net 
outside force. 

• Newton’s second law of motion says that in order to give an object an 
acceleration (that is, to change its velocity), a net outside force must 
act on the object and is often written as F = ma. 

• Newton’s third law of motion is the famous statement about action 
and reaction, which states whenever one object exerts a force on a 
second object, the second object exerts an equal and opposite force on 
the first object. 

3-6 Newton’s description of gravity accounts for Kepler’s laws and 
explains the motions of the planets 

• Newton’s law of universal gravitation is that any two objects attract 
each other with a force that is directly proportional to the mass of 
each object and inversely proportional to the square of the distance 
between them. 

• Planets do not fall into the Sun during their orbits because they have a 
sufficiently high velocity moving them forward. 


Questions 

Review Questions 

1. Write the following numbers using powers-of-ten notation: (a) ten 
million, (b) sixty thousand, (c) four one-thousandths, (d) thirty-eight 
billion, (e) your age in months. 

2. How is an astronomical unit (AU) defined? Give an example of a 
situation in which this unit of measure would be convenient to use. 








86 


CHAPTER 3 


3. Give the word or phrase that corresponds to the following standard 
abbreviations: (a) km, (b) cm, (c) s, (d) km/s, (e) mi/h, (f) m, (g) m/s, 
(h) h, (i) ly, (j) g, (k) kg. Which of these are units of speed? (Hint: You 
may have to refer to a dictionary. All of these abbreviations should be 
part of your working vocabulary.) 

4. A reporter once described a light-year as “the time it takes light to 
reach us traveling at the speed of light.” How would you correct this 
statement? 

5. When the Voyager 2 spacecraft sent back pictures of Neptune during 
its flyby of that planet in 1989, the spacecraft’s radio signals traveled 
for 4 hours at the speed of light to reach Earth. How far away was 
the spacecraft? Give your answer in kilometers, using powers-of-ten 
notation. (Hint: See the preceding question.) 

6. How did the ancient Greeks explain why the Sun and the Moon 
slowly change their positions relative to the background stars? 

7. In what direction does a planet move relative to the stars when it is in 
direct motion? When it is in retrograde motion? How do these compare 
with the direction in which we see the Sun move relative to the stars? 

8. (a) In what direction does a planet move relative to the horizon over 
the course of one night? (b) The answer to (a) is the same whether 
the planet is in direct motion or retrograde motion. What does this 
tell you about the speed at which planets move on the celestial 
sphere? 

9. What is the significance of Occam’s razor as a tool for analyzing 
theories? 

10. How did the models of Aristarchus and Copernicus explain the 
retrograde motion of the planets? 

11. At what configuration (for example, superior conjunction, greatest 
eastern elongation, and so on) would it be best to observe Mercury 
or Venus with an Earth-based telescope? At what configuration 
would it be best to observe Mars, Jupiter, or Saturn? Explain your 
answers. 

12. Which planets can never be seen at opposition? Which planets can 
never be seen at inferior conjunction? Explain your answers. 

13. What is the difference between the synodic period and the sidereal 
period of a planet? 

. j 14. What are the foci of an ellipse? If the Sun is at one 
focus of a planet’s orbit, what is at the other focus? 

15. What are Kepler’s three laws? Why are they important? 

16. At what point in a planet’s elliptical orbit does it move fastest? At 
what point does it move slowest? At what point does it sweep out 
an area at the fastest rate? 

17. The orbit of a spacecraft about the Sun has a perihelion distance of 
0.1 AU and an aphelion distance of 0.4 AU. What is the semimajor 
axis of the spacecraft’s orbit? What is its orbital period? 

18. A comet with a period of 125 years moves in a highly elongated orbit 
about the Sun. At perihelion, the comet comes very close to the Sun’s 
surface. What is the comet’s average distance from the Sun? What is 
the farthest it can get from the Sun? 

19. What observations did Galileo make that reinforced the heliocentric 
model? Why could these observations not have been made before 
Galileo’s time? 

20. Why does Venus have its largest angular diameter when it is new and 
its smallest angular diameter when it is full? 



21. What are Newton’s three laws? Give an everyday 
example of each law. 


22. How much force do you have to exert on a 3-kg brick to give it 
an acceleration of 2 m/s 2 ? If you double this force, what is the 
brick’s acceleration? Explain your answer. 


23. Suppose that Earth were moved to a distance of 3.0 AU 
^ from the Sun. How much stronger or weaker would the 

Sun’s gravitational pull be on Earth? Explain your answer. 

24. In 2006, Mercury was at greatest western elongation on April 8, 
August 7, and November 25. It was at greatest eastern elongation on 
February 24, June 20, and October 17. Does Mercury take longer to 
go from eastern to western elongation, or vice versa? Explain why, 
using Figure 3-8. 

25. The mass of the Moon is 7.35 X 10 22 kg, while that of Earth is 
5.98 X 10 24 kg. The average distance from the center of the Moon 
to the center of Earth is 384,400 km. What is the size of the 
gravitational force that Earth exerts on the Moon? 

26. What is the size of the gravitational force that the Moon exerts on 
Earth? How do your answers compare with the force between the 
Sun and Earth calculated in the text? 

Web Chat Questions 

1. Which planet would you expect to exhibit the greatest variation in 
apparent brightness as seen from Earth? Which planet would you 
expect to exhibit the greatest variation in angular diameter? Explain 
your answers. 

2. What do you believe to be Galileo’s single most important 
astronomical observation and why it was most important? 

Collaborative Exercises 

1. Use two thumbtacks, a loop of string, and a pencil to draw several 
ellipses. Describe how the shape of an ellipse varies as the distance 
between the thumbtacks changes. 

2. Use data from the appendix to determine how many Martian years 
old each member of your group would be if they were born on Mars. 

3. Considering where your group is sitting right now, how many times 
dimmer would an imaginary, super-deluxe, ultra-bright flashlight be 
if it were located at the front door of the group member who lives 
farthest away as compared to if it were at the front door of the group 
member who lives closest. Explain your reasoning. 

4. Galileo’s Dialogue Concerning the Two World Chief Systems 
described fictional conversations between three people. Create a short 
play using this style describing Kepler’s laws of planetary motion 
using each person in your group. 

5. Astronomers use powers of ten to describe the distances to objects. 
List an object or place that is located at very roughly each of the 
following distances from you: 10 -2 m, 100 m, 10 1 m, 10 3 m, 10 7 m, 
10 10 m, and 10 20 m. 

Observing Projects 

1. Use the Starry Night College™ program to observe retrograde 
motion. Select Favourites > Investigating Astronomy > Retrograde. 
The view is centered upon Mars against the background of stars and 
the framework of star patterns within the constellations. The Time 
Flow Rate is set to 1 day. Click Play and observe Mars as it moves 
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against the background constellations. An orange line traces Mars’s 
path in the sky from night to night. Watch the motion of Mars for at 
least two years of simulated time. Since the view is centered upon 
and tracks Mars in the view, the sky appears to move but the relative 
motion of Mars against this sky is obvious. 

a) For most of the time, does Mars move generally to the left 
(eastward) or to the right (westward) on the celestial sphere? To 
return to the original time, select File > Revert from the menu. 
Use the time controls in the toolbar (Play, Step time forward and 
Step time backward) along with the Zoom controls (+ and — 
buttons at the right of the toolbar or the mouse wheel) to 
determine when Mars’s usual direct motion ends, so that Mars 
appears to come to a momentary halt in the west-east direction, 
and retrograde motion begins? On what date does retrograde 
motion end and direct motion resume? 

b) You have been observing the motion of Mars as seen from 
Earth. To observe the motion of Earth as seen from Mars, locate 
yourself on the north pole of Mars. To do this, select Favourites 
> Investigating Astronomy > Retrograde Earth. The view is 
centered upon and will track the Earth as seen from the North 
Pole of Mars, beginning on June 23, 2010. Click the Play 
button. As before, watch the motion for two years of simulated 
time. In which direction does the Earth appear to move for most 
of the time? On what date does its motion change from direct to 
retrograde? On what date does its motion change from 
retrograde back to direct? Are these roughly the same dates as 
you found in part (a)? 

c) To understand the motions of Mars as seen from Earth and vice 
versa, observe the motion of the planets from a point above the 
solar system. Select Favourites > Investigating Astronomy > 
Retrograde Overview. This view, from a position 5 AU above 
the plane of the solar system is centered upon the Sun and the 
orbits and positions of Mars and Earth on June 23, 2010, are 
shown. Click Play and watch the motions of the planets for two 
years of simulated time. On what date during this two-year 
period is Earth directly between Mars and the Sun? How does 
this date compare to the two dates you recorded in part (a) and 
the two dates you recorded in part (b)? Explain the significance 
of this. 

2. Use the Starry Night College™ program to observe the moons of 
Jupiter. Select Favourites > Investigating Astronomy > Galilean 
Moons. 

a) With the Time Flow Rate set to 2 hours, use the Step time 
forward button (just to the right of the Play button), to observe 
and draw the positions of the moons relative to Jupiter at 
2-hour intervals. 

b) From your drawings, can you tell which moon orbits closest to 
Jupiter and which orbits farthest away? Explain your reasoning. 

c) Are there times when one or more of the satellites are not 
visible? What happens to the moons at those times? 

3. Use the Starry Night College™ program to observe the changing 
appearance of Mercury. Select Favourites > Investigating Astronomy 
> Mercury Phases. The view shows a telescopic view of Mercury as 
seen from Earth. With the time step set to 1 days, use the Step time 
forward button to observe and record the changes in Mercury’s phase 
and apparent size from one day to the next. Run time forward for 
some time to see these changes more graphically. 

a) Carefully watch the phase and apparent size of Mercury during 
this time and explain the changes in these parameters and any 
relationship between them that you detect. 

4. Use the Starry Night College ™ program to observe the orbits of the 
planets of the inner Solar System. Select Favourites > Investigating 


Astronomy > Kepler. The view is centered upon the Sun from a 
position in space 2.486 AU above the plane of the solar system and 
shows the Sun and the inner planets and their orbits, as well as many 
asteroids in the Asteroid Belt beyond the orbit of Mars. Click the 
Play button and observe the motions of the planets from this unique 
location. 

a) Make a list of the planets visible in the view in the order of 
increasing distance from the Sun. 

b) Make a list of the planets visible in the view in the order of 
increasing orbital period. 

c) How do the lists compare? 

d) What might you conclude from this observation? 

e) Which of Kepler’s laws accounts for this observation? 

Answers 

ConceptChecks 

ConceptCheck 1: If the noontime position of the Sun on the summer solstice 
was much closer to being directly overhead, he would assume that Earth 
was much larger because Earth’s surface between the two cities would be 
much less curved, implying a much larger, circular Earth. 

ConceptCheck 2: When astronomers say a planet is moving retrograde, a 
planet is observed night after night to be slowly drifting from east to west 
compared to the very distant background stars. This is opposite how it 
typically appears to move. Regardless, all objects always appear to rise in 
the east and set in the west on a daily basis. 

ConceptCheck 3: The Greeks’ ancient geocentric model used a nonspinning, 
stationary Earth where the stars, planets, and the Sun all moved around 
Earth. 

ConceptCheck 4: In the Ptolemaic model, the planets are continuously 
orbiting in circles such that they appear to move backward for a brief time. 
However, the planets never actually stop and change their directions. 

ConceptCheck 5: No. Planets only appear to move in retrograde motion if 
seen as two planets moving at different speeds pass one another. An imagi¬ 
nary observer on the stationary Sun would only see planets moving in the 
same direction as they orbit the Sun. 

ConceptCheck 6: When Venus is visible in the western sky, it is at its greatest 
eastern elongation and the faster-moving Venus has not yet caught up with 
Earth as Earth is momentarily in front of Venus as they orbit the Sun. 

ConceptCheck 7: Mars has an orbit around the Sun that is larger than 
Earth’s orbit. As a result, Mars never moves to a position between Earth 
and the Sun, so Mars never is at inferior conjunction. 

ConceptCheck 8: In Copernicus’s model, the more distant planets are mov¬ 
ing slower than the planets closer to the Sun. As a faster-moving Earth 
moves past a slower-moving Mars, there is a brief time in which Mars ap¬ 
pears to move backward through the sky. However, the planets never actu¬ 
ally stop and change their directions. 

ConceptCheck 9: Slowly moving Jupiter does not move very far along its 
orbit in the length of time it takes for Earth to pass by Jupiter, move around 
the Sun, and pass by Jupiter again, giving Jupiter a synodic period similar 
to Earth’s orbital period around the Sun. In much the same way, slow- 
moving Jupiter takes more than a decade to move around the Sun back to 
its original starting place as measured by the background stars, giving it a 
large sidereal period. 
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ConceptCheck 10: Copernicus’s model was no more accurate at predicting 
the positions and motions of the planets than Ptolemy’s model. However, 
Copernicus’s model turned out to be more closely related to the actual mo¬ 
tions of the planets around the Sun than was Ptolemy’s model of planets 
orbiting Earth. 

ConceptCheck 11: When Venus is on the opposite side of the Sun from 
Earth, it will be in a full or gibbous phase. The full phase can occasionally 
be observed because Earth and Venus do not orbit the Sun in the same exact 
plane. 

ConceptCheck 12: Galileo was the first person to use and widely share his 
observations using a telescope, which is necessary in order to observe Ju¬ 
piter’s tiny moons. 

ConceptCheck 13: An ellipse with an eccentricity of zero is a perfect circle 
and, compared to Mars’s e = 0.093, the eccentricity of Venus’ orbit is e = 
0.007. Venus has an eccentricity value closer to zero so its orbit is closer to 
a perfect circle in shape. 

ConceptCheck 14: Kepler’s second law says that objects are moving slowest 
when they are farthest from the object they are orbiting, so an Earth-orbit¬ 
ing satellite will move slowest when it is farthest from Earth. 

ConceptCheck 15: According to Kepler’s third law, planets closer to the Sun 
move faster than planets farther from the Sun. For objects orbiting Earth, 
the object closer to Earth’s surface is also moving the fastest, which, in this 
case, is the space shuttle. 

ConceptCheck 16: No. Kepler’s laws of planetary motion apply to any 
objects in space that orbit around another object, including comets orbiting 
the Sun, man-made satellites and moons orbiting planets, and even stars 
orbiting other stars. 

ConceptCheck 17: According to Newton’s first law, if no outside forces are 
acting on an object, then it will remain in that state of motion. In other 
words, a spacecraft in outer space will continue at the same speed as it 
moves far from our Sun’s gravitational influence. 

ConceptCheck 18: Newton’s third law states that when one object exerts 
a force on another object, the second object exerts an equal but opposite 


force on the first. In other words, if the astronaut touches the door, the 
door touches the astronaut. The fact that the forces are equal does not 
mean that the “effects” are equal. If the only force on the door is the one 
applied by the astronaut, the door will move following Newton’s laws of 
motion. 


ConceptCheck 19: According to Newton’s universal law of gravitation, the 
gravitational attraction between two objects depends on the square of the 
distance between them. In this case, if the asteroids drift 3 times closer to¬ 
gether, then the gravitational force of attraction between them increases 3 2 
times, or, in other words, becomes 9 times greater. 

ConceptCheck 20: The International Space Station has an initial forward 
velocity such that as it falls around Earth, it actually misses Earth because 
Earth’s round surface is curved away. 


CalculationChecks 

CalculationCheck 1: Because their diameters must be in the same propor¬ 
tion as their distances, if Aristarchus assumed the Sun to be 100 times 
farther away when they appeared to be the same diameter in the sky, he 
would have proposed that the Sun is 100 times larger than the Moon. Today, 
we know that the Sun is more than 400 times farther away from Earth, and 
400 times larger than the Moon. 

CalculationCheck 2: According to Kepler’s third law, P 2 = a 3 . So, if P 2 = 
(39.5) 3 , then P = 39.5 3/2 = 248 years. 

CalculationCheck 3: Acceleration is how much the velocity of an object is 
changing every second. If the space shuttle starts at a velocity of zero on 
the launch pad and increases its velocity 20 m/s every second, then after 3 
seconds, the space shuttle is moving at roughly 60 m/s (135 mph). 


CalculationCheck 4: Using Newton’s universal law of gravitation, 
F m , = G(m M ) X (m t ) - (radius) 2 = 6.67 X 10~ n X 6.4 X 

10 23 X 75 -T- (3.4 X 10 6 ) 2 = 277 newtons, which we can covert to pounds 
because 277 newtons X 0.255 lbs/N = 76 pounds. 
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March 10,2006: The Mars Reconnaissance Orbiter spacecraft arrives at Mars (artist’s impression). (JPL/NASA) 


Exploring Our Evolving 

Solar System 


F ifty years ago, astronomers knew precious little about the worlds that 
orbit the Sun. Even the best telescopes provided images of the planets 
that were frustratingly hazy and indistinct. Of asteroids, comets, and the 
satellites of the planets, we knew even less. 

Today, our knowledge of what makes up the solar system has grown ex¬ 
ponentially, due almost entirely to robotic spacecraft. Spacecraft have been 
sent to fly past all the planets at close range, revealing details unimagined by 
astronomers of an earlier generation. We have landed spacecraft on the Moon, 
Venus, and Mars and dropped probes into the atmospheres of Jupiter and Sat¬ 
urn’s moon Titan. This is truly the golden age of solar system exploration. 

We have two goals in this chapter. First, we will paint a broad outline of 
our present understanding of what makes up the solar system. Then, we will 


discuss how it came to be—that is, our current best theory of the origin of 
the solar system. Recall from the first chapter that a theory is not merely a 
set of wild speculations, but a collection of hypotheses that must be able to 
be tested and verified by other scientists. Since no humans were present to 
witness the formation of the planets, scientists must base their theories of 
solar system origins on their observations of the present-day solar system. (In 
an analogous way, paleontologists base their understanding of the lives of 
dinosaurs on the evidence provided by fossils that have survived to the pres¬ 
ent day.) In so doing, they are following the spirit of the scientific method 
that we described at the beginning of this text. 


Key Ideas 


j 


BY READING THE SECTIONS OF THIS CHAPTER, YOU WILL LEARN 


The solar system has two broad categories of planets orbiting 
our Sun: terrestrial (Earthlike) and Jovian (Jupiterlike) 

Seven large satellites are almost as big as the terrestrial planets 
Spectroscopy reveals the chemical composition of the planets 

Small chunks of rock and ice orbit the Sun: asteroids, trans- 
Neptunian objects, and comets 


C9 The Sun and planets formed from a rotating solar nebula 

39 The planets formed by countless collisions of dust, rocks, and 
gas in the region surrounding our young Sun 

(JO How our planets formed around our Sun suggests planets 
around other stars are common 
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CHAPTER 4 


(E5B The solar system has two broad 

categories of planets orbiting the Sun: 
terrestrial (Earthlike) and Jovian (Jupiterlike) 

What do you think of when someone says “solar system”? Do you 
think of planets, like Earth and Saturn, or of millions of stars and 
enormous glowing clouds of interstellar gas? When astronomers 
speak of our solar system, they are specifically talking about the 
system of planets and other debris that orbit around just a single 
star, our Sun. Other stars in the night sky might well have planets 
orbiting them, too, but those stars are far, far beyond our solar 
system. 

Each of the planets orbiting our Sun is unique. Only Earth has 
liquid water and an atmosphere breathable by humans; only Venus 
has a perpetual cloud layer made of sulfuric acid droplets; and only 
Jupiter has immense storm systems that persist for centuries. But 
there are also striking similarities among the planets. Volcanoes are 
found not only on Earth but also on Venus and Mars; rings encircle 
Jupiter, Saturn, Uranus, and Neptune; and craters dot the surfaces 


of Mercury, Venus, Earth, and Mars, showing that all of these plan¬ 
ets have been bombarded by interplanetary debris. 

How can we make sense of the many similarities and differ¬ 
ences among the planets? An important step is to organize our 
knowledge of the planets in a systematic way. First, we can compare 
the orbits of different planets around the Sun. Second, we can com¬ 
pare the planets’ physical properties. 

ConceptCheck 4-1: ) How many stars are in our solar system? 

Answer appears at the end of the chapter. 

Comparing the Planets: Orbits 

The planets fall naturally into two classes according to 
H Ml the sizes of their orbits. As Figure 4-1 shows, the orbits 
of Mercury, Venus, Earth, and Mars are crowded in quite 
close to the Sun, and these planets are known as the four inner 
planets. In contrast, the orbits of the next four planets, Jupiter, 
Saturn, Uranus, and Neptune, known as the outer planets, are 


View of the solar system from above: 
orbits are nearly circular 


/ 


Neptune 


Uranus 





fini £ Figure 4-1 

The Solar System to 
Scale This scale drawing shows the 
orbits of the planets around the Sun. 
The four inner planets are crowded in 
close to the Sun, while the four outer 
planets orbit the Sun at much greater 
distances. On the scale of this drawing, 
the planets themselves would be much 
smaller than the diameter of a human 
hair and too small to see. 


Mercury 
.Venus 

Sun / / x Earth 

Mars 



Jupiter 


View of the solar system from the side: 
orbits are all in nearly the same plane 
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widely spaced from each other and orbit at great distances from the 
Sun. Table 4-1 lists the orbital characteristics of these eight planets. 
If you are looking for the commonly known object of Pluto, we 
haven’t forgotten it, but we’ll need to describe that object later 
because it has characteristics that make it fundamentally different 
than these first eight planets. 

CAUTION While Figure 4-1 shows the orbits of the planets, it does 
not show the planets themselves. The reason is straightforward: If 
Jupiter, the largest of the planets, were to be drawn to the same scale 
as the rest of this figure, it would be a tiny dot just 0.0002 cm 
across—about l/300th of the width of a human hair and far too 
small to be seen without a microscope. The planets themselves are 
very small compared to the distances between them. Indeed, while 
light can travel from the Sun to Earth in slightly more than 8 min¬ 
utes, it takes more than 10 times that, nearly an hour and a half, to 
travel from the Sun to Saturn. The solar system is a very large and 
mostly empty place! 

Most of the planets have orbits that are nearly circular. As we 
learned in Chapter 3, Johannes Kepler discovered in the seventeenth 
century that these orbits are actually ellipses. Astronomers denote 


the elongation of an ellipse by its eccentricity (see Figure 3-15). The 
eccentricity of a circle is zero, and indeed most of our planets (with 
the notable exception of Mercury) have orbital eccentricities that 
are very close to zero. 

If you could observe the solar system from a point several astro¬ 
nomical units (AU) above the Earth’s north pole, you would see that 
all the planets orbit the Sun in the same counterclockwise direction. 
Furthermore, their orbital paths all lie in nearly the same plane (Fig¬ 
ure 4-1). In other words, these orbits are inclined at only slight an¬ 
gles to the plane of the ecliptic, which is the plane of the Earth’s orbit 
around the Sun. What is more, the plane of the Sun’s equator is very 
closely aligned with the orbital planes of the planets. As we will see 
later in this chapter, these near-alignments are not a coincidence. 
They provide important clues about the origin of the solar system. 

C ConceptCheck 4-2:} Is Mars classified as an inner planet or an 
outer planet? 

CalClllationCheck 4-1:} Using the table, which of the planets has 
an orbital path that is most nearly a perfect circle in shape? 

Answers appear at the end of the chapter. 
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CHAPTER 4 


Comparing the Planets: Physical Properties 


7 When we compare the physical properties of the plan- 
K y_J ets? we find that they fall naturally into two 

classes. All four inner planets have hard, rocky surfaces 
with mountains, craters, valleys, and volcanoes. These planets are 
also known as terrestrial, or Earthlike, planets. You could stand 
on the surface of any one of them, although you would need a 
protective spacesuit on Mercury, Venus, or Mars. The four outer 
planets resemble Jupiter and are often referred to as Jovian, or 
Jupiterlike, planets. An attempt to land a spacecraft on the surface 
of any of the Jovian planets would be futile, because the materials 
of which these planets are made are mostly gaseous or liquid. 
The visible “surface” features of a Jovian planet are actually cloud 
formations in the planet’s atmosphere. The photographs in Fig¬ 
ure 4-2 show the distinctive appearances of the two classes of 
planets. 

The most apparent differences between the inner and outer 
planets are their diameters. The diameter of a planet is the distance 
from one side of the planet to the other. The four Jovian planets are 
much larger, with much greater diameters, than the terrestrial plan¬ 
ets. First place goes to Jupiter, whose diameter across its equator is 
more than 11 times that of the Earth. On the other end of the scale, 
Mercury’s diameter is less than two-fifths that of the Earth. Figure 
4-2 shows the Sun and the planets drawn to the same scale. The 
diameters of the planets are given in Table 4-1. 

The masses of the two categories of planets are also dramati¬ 
cally different. As we saw in Chapter 3, a planet’s gravitational 
attraction to other objects is proportional to its mass. Gravitational 
attraction between a satellite and a planet is greater for the most 
massive of planets. So, if a planet has a satellite like our Moon, 
astronomers can determine the planet’s mass from measurements 
of how long it takes a satellite to orbit the planet for a given dis¬ 
tance. In a similar way, astronomers have also measured the mass 
of each planet by sending a spacecraft to pass near the planet. The 
planet’s gravitational pull deflects the spacecraft’s path, and the 
amount of deflection tells us the planet’s mass. Using these tech¬ 
niques, astronomers have found that the four Jovian planets have 
masses that are tens or hundreds of times greater than the mass of 


any of the terrestrial planets. Again, first place goes to Jupiter, whose 
mass is 318 times greater than the Earth’s. 

Once we know the diameter and mass of a planet, we can learn 
something about what that planet is made of on the inside. The trick 
is to calculate the planet’s average density, or mass divided by vol¬ 
ume, measured in kilograms per cubic meter (kg/m 3 ). The average 
density of any substance depends in part on that substance’s com¬ 
position. For example, air near sea level on Earth has an average 
density of 1.2 kg/m 3 , water’s average density is 1000 kg/m 3 , and a 
piece of concrete has an average density of 2000 kg/m 3 . 

The four inner, terrestrial planets have very high average densi¬ 
ties (see Table 4-1); the average density of the Earth, for example, 
is 5515 kg/m 3 . By contrast, a typical rock found on the Earth’s 
surface has a lower average density, about 3000 kg/m 3 . Thus, the 
Earth must contain a large amount of material that is denser than 
rock. The most common material in the solar system denser than 
Earth’s surface rocks is iron. Thus, for Earth to have a density higher 
than its surface rocks, its core must be dense. This information 
provides our first clue that terrestrial planets have dense iron cores. 

In sharp contrast, the outer, Jovian planets have quite low den¬ 
sities. Saturn has an average density less than that of water. This 
information strongly suggests that the giant outer planets are com¬ 
posed primarily of light elements such as hydrogen and helium. All 
four Jupiterlike planets probably have large cores of mixed rock 
and highly compressed water buried beneath low-density outer lay¬ 
ers tens of thousands of kilometers thick. 

We can conclude that the following general rule applies to the 
planets: 

The inner planets are made of rocky materials and have dense iron 
cores, which gives these planets high average densities. The outer 
planets are composed primarily of light elements such as hydrogen 
and helium, which gives these planets low average densities. 

( ConceptCheck 4-3:) If a planet’s density, estimated by 
measuring how much a planet’s gravitation deflects a nearby passing 
spacecraft’s pathway, has the same value as the density of rocks 
recovered from its surface, what can one infer about the composition 
of the planet’s core? 



Figure 4-2 R I V U X G 

The Planets to Scale This figure shows the planets from Mercury to Neptune 
to the same scale. The four terrestrial planets have orbits nearest the Sun, and 


the Jovian planets are the next four planets from the Sun. (Calvin J. Hamilton and 
NA5A/JPL) 
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1 CakulationCheck 4-2:) If Earth’s diameter is 12,756 km and 
Saturn’s diameter is 120,536 km, how many Earths could fit across the 
diameter of Saturn? 

Answers appear at the end of the chapter. 

Seven large satellites are almost as 
big as the inner, terrestrial planets 

Looking up at Earth’s Moon, you might wonder whether all planets 
have a brilliant, orbiting object visible in the sky above their sur¬ 
faces. Astronomers formally call these gravitationally bound ob¬ 
jects natural satellites, but the more casual names for these objects 
are moons (we will use both interchangeably in this book). All the 
planets except Mercury and Venus have natural satellites orbiting 
them. More than 160 natural satellites are known around the eight 
planets: Earth has one (the Moon), Mars has two tiny ones, Jupiter 
has at least 63, Saturn at least 62, Uranus at least 27, and Neptune 
at least 13. Dozens of other small satellites probably remain to be 
discovered as our telescope technology continues to improve. Like 
the terrestrial planets, all of the satellites of the planets have solid 
surfaces. As of this writing in 2010, at least 336 bodies in the solar 
system are formally classified as natural satellites, most of which 
are orbiting tiny objects called asteroids, which we will discuss in 
Section 4-4. 

You can see that there is a striking difference between the ter¬ 
restrial planets, with few or no satellites, and the Jovian planets, 
each of which has so many moons that it resembles a solar system 


in miniature. Of the known satellites, seven are roughly as big as 
the planet Mercury. Table 4-2 lists these satellites and shows them 
to the same scale. Note that the Earth’s Moon and Jupiter’s satellites 
Io and Europa have relatively high average densities, indicating that 
these satellites are made primarily of rocky materials. By contrast, 
the average densities of Ganymede, Callisto, Titan, and Triton are 
all relatively low. Planetary scientists conclude that the interiors of 
these four satellites also contain substantial amounts of water ice, 
which is less dense than rock. 

CAUTION Water ice may seem like a poor material for building a 
satellite, since the ice you find in your freezer can easily be cracked 
or crushed. But under high pressure, such as is found in the interior 
of a large satellite, water ice becomes as rigid as rock. (It also be¬ 
comes denser than the ice found in ice cubes, although not as dense 
as rock.) Note that water ice is an important constituent only for 
satellites in the outer solar system, where the Sun is far away and 
temperatures are very low. For example, the surface temperature of 
Titan is a frigid 95 K (-178°C = -288°F). 

Interplanetary spacecraft have made many surprising and fas¬ 
cinating discoveries about the satellites of the solar system. As one 
example, we now know that Jupiter’s sat¬ 
ellite Io has numerous geyserlike volca¬ 
noes that continually belch forth 
sulfur-rich compounds. The fractured sur¬ 
face of Europa, another of Jupiter’s large 
satellites, suggests that a worldwide ocean of liquid water may lie 
beneath its icy surface. Saturn’s largest satellite, Titan, is surrounded 
by a perpetual haze layer that gives it a featureless appearance. 


See Box 6-1: Jupiter’s 
Moon Io Is Covered with 
Active Volcanoes. 



TABLE 4-2 


The Seven Giant Satellites 


Moon 


Europa 


Ganymede Callisto 


Titan 


Triton 


Parent planet 

Earth 

Jupiter 

Jupiter 

Jupiter 

Jupiter 

Saturn 

Neptune 

Diameter (km) 

3476 

3642 

3130 

5268 

4806 

5150 

2706 

Mass (kg) 

7.35 X 10 22 

8.93 X 10 22 

4.80 X 10 22 

1.48 X 10 23 

1.08 X 10 23 

1.34 X 10 23 

2.15 X 10 22 

Average density (kg/m 3 ) 

3340 

3530 

2970 

1940 

1850 

1880 

2050 

Substantial atmosphere? 

No 

No 

No 

No 

No 

Yes 

No 


R I V U X G 

(NASA/JPL/Space Science Institute) 
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( ConceptCheck 4-4:} How many moons in the solar system are 
larger than Earth’s Moon? 

Answer appears at the end of the chapter. 


(jflcl Spectroscopy reveals the chemical 

composition of the planets 

We have seen that the average densities of the planets and moons 
give us a crude measure for what they are made of, or their chemical 
compositions. For example, the low average density of Earth’s 
Moon (3340 kg/m 3 ) compared with the Earth (5515 kg/m 3 ) tells us 
that our Moon contains relatively little iron or other dense metals. 
But to truly understand the nature of the planets and moons, we 
need to know their chemical compositions in much greater detail 
than we can learn from average density alone. 

The most accurate way to determine a planet’s chemical ele¬ 
ments would be by directly analyzing samples taken from a planet’s 
atmosphere and soil. Unfortunately, of all the planets and moons, 
we have such direct information only for the Earth and the three 
worlds on which spacecraft have landed—Venus, the Moon, and 
Mars. However, as we saw in Chapter 2 (section 2-4), astronomers 
can use spectroscopy to determine the compositions of even the 


farthest objects. Spectroscopy reveals the composition of planets 
both with and without a surrounding envelope of gas, known as its 
atmosphere. 

Determining Composition: Planets 
with Surrounding Atmospheres 

If a planet has an atmosphere, then sunlight reflected from that 
planet must have passed through parts of 
its atmosphere. During this passage, some 
of the wavelengths of sunlight will have 
been absorbed. Hence, the spectrum of 
this reflected sunlight will have dark absorption lines. Astronomers 
look at the particular wavelengths absorbed and the amount of light 
absorbed at those wavelengths. Both of these depend on the kinds 
of chemicals present in the planet’s atmosphere and the abundance 
of those chemicals. For example, Figure 4-3 shows how astronomers 
have used spectroscopy to analyze visible sunlight reflected from 
Titan, finding the presence of methane (CH 4 ). 

In addition to visible-light measurements, it is sometimes even 
more useful to study the infrared and ultraviolet spectra of planetary 
atmospheres. Many molecules exhibit much more obvious spectral 
lines in these nonvisible wavelength bands than in the visible regime. 
As an example, the ultraviolet spectrum of Titan shows that 
nitrogen molecules (N 2 ) are the dominant constituent of Titan’s 


Atmosphere is covered in 
detail in Chapters 6 and 7. 



(a) Saturn’s satellite Titan 


Figure4-3 RIVUXG 

Analyzing a Satellite’s Atmosphere through Its Spectrum (a) Titan is 
the only satellite in the solar system with a substantial atmosphere, (b) The 
dips in the spectrum of sunlight reflected from Titan are due to absorption 
by hydrogen atoms (H), oxygen molecules (0 2 ), and methane molecules 
(CHJ. Of these, only methane is actually present in Titan’s atmosphere. 

(c) This illustration shows the path of the light that reaches us from Titan. 
To interpret the spectrum of this light as shown in (b), astronomers must 
account for the absorption that takes place in the atmospheres of the Sun 
and Earth, (a: NASA/JPL/Space Science Institute) 



(b) The spectrum of sunlight reflected from Titan 


The absorption lines of methane (CH 4 ) 
are produced in Titan’s atmosphere 


Titan 



- The absorption line 
of hydrogen (H) 
is produced in the 
Sun’s atmosphere 


The absorption line of 
oxygen (0 2 ) is produced 
in Earth’s atmosphere 


(c) Interpreting Titan’s spectrum 
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atmosphere. Furthermore, Titan’s infrared spectrum includes spec¬ 
tral lines of a variety of molecules that contain carbon and hydro¬ 
gen, indicating that Titan’s atmosphere has a very complex chemistry. 
None of these molecules could have been detected by visible light 
alone. Since the Earth’s atmosphere is largely opaque to infrared 
and ultraviolet wavelengths, telescopes in space are important tools 
for these spectroscopic studies of the solar system. 

( ConceptCheck 4-5:) If planets reflect the Sun’s light rather than 
emitting light of their own, how can spectroscopy reveal information 
about a planet’s atmosphere? 

Answer appears at the end of the chapter. 


Determining Composition: Planets 
without Surrounding Atmospheres 


Spectroscopy can also provide useful information about the solid 
surfaces of planets and satellites without atmospheres. When light 
shines on a solid surface, some wavelengths are absorbed while 

n . , r others are reflected. For example, a 

Planetary surfaces are . . , „ , , , . ’. 

.... , plant leaf on Farth absorbs red and vio- 

covered in detail in Chapter 6. , et , ight but reflects green light _ which 

is why leaves look green. Unlike a gas, 
a solid object illuminated by sunlight does not produce sharp, 
definite spectral lines. Instead, only broad absorption features 
appear in the spectrum. By comparing such a spectrum with the 
spectra of samples of different substances on Earth, astronomers 
can infer the chemical composition of the surface of a planet or 
satellite. 

As an example, Figure 4-4 a shows Jupiter’s satellite Europa, 
and Figure 4-4 b shows the infrared spectrum of light reflected from 
the surface of Europa. Because this spectrum is so close to that of 



(a) Jupiter's moon Europa 

Figure 4-4 RIVUXG 

Analyzing a Satellite’s Surface from Its Spectrum (a) Unlike Titan (Figure 4-3o), Jupiter’s 
satellite Europa has no atmosphere, (b) Infrared light from the Sun that is reflected from 


water ice—that is, frozen water—astronomers conclude that water 
ice is the dominant constituent of Europa’s surface. 

Unfortunately, spectroscopy tells us little about what the mate¬ 
rial is like just below the surface of a satellite or planet. For this 
purpose, there is simply no substitute for sending a spacecraft to a 
planet and examining its surface directly. 

(ConceptCheck 4-6:) How is the spectrum of light observed from 
a solid planetary surface different from the spectrum of light 
observed from a gas composing an atmosphere? 

Answer appears at the end of the chapter. 

The Jovian Planets Are Made of Lighter 
Elements than the Terrestrial Planets 

Spectroscopic observations from Earth and spacecraft show that 
the outer layers of the Jovian planets are comprised primarily of the 
lightest gases, hydrogen and helium. In contrast, chemical analysis 
of solid samples from Venus, Earth, and Mars demonstrate that the 
terrestrial planets are made mostly of heavier elements, such as iron, 
oxygen, silicon, magnesium, nickel, and sulfur. Spacecraft images 
such as Figure 4-5 only hint at these striking differences in chemical 
composition. 

Temperature plays a major role in determining whether the 
materials of which planets are made exist as solids, liquids, or gases. 
Hydrogen (H 2 ) and helium (He) are gaseous except at extremely 
low temperatures and extraordinarily high pressures. By contrast, 
rock-forming substances such as iron and silicon are solids except 
at temperatures well above 1000 K. Between these two extremes 
are substances such as water (H 2 0), carbon dioxide (C0 2 ), methane 
(CH 4 ), and ammonia (NH 3 ), which solidify at low tempera¬ 
tures (from below 100 to 300 K) into solids called ices. (In as¬ 
tronomy, frozen water is just one kind of “ice.”) At somewhat higher 



(b) The spectum of light reflected from Europa 


the surface of Europa has almost exactly the same spectrum as sunlight reflected from 
ordinary water ice. (NASA) 
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Figure 4-5 RIVUXG 

A Jovian Planet and a Terrestrial Planet (a) This Hubble Space Telescope image gives a 
detailed view of Jupiter’s cloudtops. Jupiter is composed mostly of the lightest elements, 
hydrogen and helium, which are colorless; the colors in the atmosphere are caused by trace 
amounts of other substances. The giant storm at lower right, called the Great Red Spot, 
has been raging for more than 300 years, (b) Mars, a terrestrial planet, is composed mostly 

temperatures, they can exist as liquids or gases. For example, clouds 
of ammonia ice crystals are found in the cold upper atmosphere of 
Jupiter, but within Jupiter’s warmer interior, ammonia exists primar¬ 
ily as a liquid. 

CAUTION The Jovian planets are sometimes called “gas giants.” It 
is true that their primary constituents, including hydrogen, helium, 
ammonia, and methane, are gases under normal conditions on 
Earth. But in the interiors of these planets, pressures are so high 
that these substances are liquids, not gases. The Jovian planets 
might be better described as “liquid giants!” 

As you might expect, a planet’s surface temperature is related 
to its distance from the Sun. The four inner planets are quite warm. 
For example, midday temperatures on Mercury may climb to 700 
K (= 427°C = 801°F), and during midsummer on Mars, it is some¬ 
times as warm as 290 K (= 17°C = 63°F). The outer planets, which 
receive much less solar radiation, are cooler. Typical temperatures 
range from about 125 K (= -148°C = -234°F) in Jupiter’s upper 
atmosphere to about 55 K (= —218°C = -360°F) at the tops of 
Neptune’s clouds. 

How might a planet’s distance from the Sun, and its resulting 
surface temperature, explain the chemical elements we find on these 
planets? As it turns out, the atmospheres of the inner planets, 
whose orbits keep them close to the Sun, contain virtually no hy¬ 
drogen molecules or helium atoms. Instead, the atmospheres of 
Venus, Earth, and Mars are composed of heavier molecules such 
as nitrogen (N 2 ,14 times more massive than a hydrogen molecule), 


Polar ice cap 



Extinct volcano Clouds in the thin 

Martian atmosphere 


of heavy elements, such as iron, oxygen, silicon, magnesium, nickel, and sulfur. The planet’s 
red surface can be seen clearly in this Hubble Space Telescope image because the Martian 
atmosphere is thin and nearly cloudless. Olympus Mons, the extinct volcano to the left of 
center, is nearly 3 times the height of Mount Everest. (Space Telescope Science Institute/ 
JPL/NASA) 

oxygen (0 2 ,16 times more massive), and carbon dioxide (22 times 
more massive). To understand the connection between surface tem¬ 
perature and the absence of hydrogen and helium, we need to know 
a few basic facts about gases. 

The temperature of a gas is directly related to the speeds at 
which the atoms or molecules of the gas move: The higher the gas 
temperature, the greater the speed of its atoms or molecules. Fur¬ 
thermore, for a given temperature, lightweight atoms and mole¬ 
cules move more rapidly than heavy ones. On the four inner, 
terrestrial planets, where atmospheric temperatures are high, low- 
mass hydrogen molecules and helium atoms move so swiftly that 
they can escape from the relatively weak gravity of these tiny plan¬ 
ets. Hence, the atmospheres that surround the inner planets are 
composed primarily of more massive, slower-moving molecules 
such as C0 2 , N 2 , 0 2 , and water vapor (H 2 0). On the four outer, 
Jovian planets, low temperatures and relatively strong gravitational 
attraction with molecules prevent even lightweight hydrogen and 
helium gases from escaping into space, and so their atmospheres 
are much more extensive. The combined mass of Jupiter’s atmo¬ 
sphere, for example, is about a million (10 6 ) times greater than that 
of the Earth’s atmosphere. This is comparable to the mass of the 
entire Earth! 

ConceptCheck 4-7:) Why were astronomers surprised when they 
first discovered giant Jupiterlike planets orbiting very close to other 
stars? 

Answer appears at the end of the chapter. 
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(SB9 Small chunks of rock and ice also orbit 

the Sun: asteroids, trans-Neptunian objects, 
and comets 

Our solar system is more than a single star orbited by two categories 
of planets. In addition to the eight planets and their satellites, count¬ 
less smaller objects orbit the Sun. These fall into three broad catego¬ 
ries: asteroids, which are rocky objects found in the inner solar 
system; trans-Neptunian objects, which are found beyond Neptune 
in the outer solar system and contain both rock and ice; and comets, 
which are mixtures of rock and ice that originate in the outer solar 
system but can venture close to the Sun. 

Asteroids 

Within the orbit of Jupiter are hundreds of thousands of rocky 
objects called asteroids. There is no sharp dividing line between 
planets and asteroids, which is why asteroids are also called minor 
planets. The largest asteroid, Ceres, has a diameter of about 900 
km (560 mi). The next largest, Pallas and Vesta, are each about 
500 km in diameter. Still smaller ones, like the asteroid shown in 
close-up in Figure 4-6, are increasingly numerous. Hundreds of 
thousands of kilometer-sized asteroids are known, and there are 
probably hundreds of thousands more that are boulder-sized or 
smaller. All of these objects orbit the Sun in the same direction as 
the planets. 

Most (although not all) asteroids orbit the Sun at distances of 
2 to 3.5 AU. This region of the solar system between the orbits of 
Mars and Jupiter is called the asteroid belt. 

CAUTION One common misconception about asteroids is that 
they are the remnants of an ancient planet that somehow broke 
apart or exploded, like the fictional planet Krypton in the comic 
book adventures of Superman. In fact, the combined mass of the 



Figure 4-6 RIVUXG 

An Asteroid The asteroid shown in this image, 433 Eros, is only 33 km (21 mi) long and 13 km 
(8 mi) wide—about the same size as the island of Manhattan. Because Eros is so small, its 
gravity is too weak to have pulled it into a spherical shape. This image was taken in March 
2000 by NEAR Shoemaker ; the first spacecraft to orbit around and land on an asteroid. 
(NEAR Project, Johns Hopkins University, Applied Physics Laboratory, and NASA) 


asteroids is less than that of the Moon, and they were probably 
never part of any planet-sized body. The early solar system is 
thought to have been filled with asteroidlike objects, most of which 
were incorporated into the planets. The “leftover” objects that 
missed out on this process make up our present-day population of 
asteroids. 

(Concep tCheck 4-8:) Is the largest asteroid, Ceres, about the 
same size as a metropolitan city, a large U.S. state, a large country, an 
entire continent, or the Earth itself? 

Answer appears at the end of the chapter. 

Trans-Neptunian Objects 

While asteroids are the most important small bodies in the inner 
solar system, the outer solar system is the realm of the trans- 
Neptunian objects (TNOs). As the name suggests, these are small 
bodies whose orbits lie beyond the orbit of Neptune. The largest 
of these are known as dwarf planets. The first of these to be dis¬ 
covered (1930) was Pluto, with a diameter of only 2274 km. The 
orbit of Pluto has a greater semimajor axis (39.54 AU), is more 
steeply inclined to the ecliptic (17.15°), and has a greater eccentric¬ 
ity (0.250) than that of any of the planets (Figure 4-7). In fact, 
Pluto’s noncircular orbit sometimes takes it nearer the Sun than 
Neptune. (Happily, the orbits of Neptune and Pluto are such that 
they will never collide.) Pluto’s density is only 2000 kg/m 3 , about 
the same as Neptune’s moon Triton shown in Table 4-2. Hence, 
its composition is thought to be a mixture of about 70% rock and 
30% ice. 

Since 1992 astronomers have discovered more than 1000 other 
trans-Neptunian objects, and are discovering more each year. All 
trans-Neptunian objects orbit the Sun in the same direction as the 
planets. The largest of these of trans-Neptunian objects are compa¬ 
rable in size to Pluto. At least one dwarf planet, Eris, is even larger 
than Pluto, as well as being in an orbit that is much larger, more 
steeply inclined, and more eccentric (Figure 4-7). 

Just as most asteroids lie in the asteroid belt, most trans- 
Neptunian objects orbit within a band called the Kuiper belt (pro¬ 
nounced “ki-per”) that extends from 30 AU to 50 AU from the 
Sun and is centered on the plane of the ecliptic. Certainly, many 
more trans-Neptunian objects remain to be discovered as telescope 
technology improves: Astronomers estimate that there are 35,000 
or more such objects with diameters greater than 100 km. If so, 
the combined mass of all trans-Neptunian objects is comparable 
to the mass of Jupiter, and is several hundred times greater than 
the combined mass of all the asteroids found in the inner solar 
system. 

Trans-Neptunian objects are thought to be debris left over 
from the formation of the solar system. In the inner regions of the 
solar system, rocky fragments have been able to endure continuous 
exposure to the Sun’s heat, but any ice originally present would 
have evaporated. Far from the Sun, ice has survived for billions 
of years. 

(ConceptCheck 4-9:) Is Pluto an asteroid, planet, dwarf planet, 
Kuiper-belt object, or trans-Neptunian object? 
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Figure 4-7 

Trans-Neptunian Objects Pluto and Eris are the two largest trans- 
Neptunian objects, small worlds of rock and ice that orbit beyond 
Neptune. Unlike the orbits of the planets, the orbits of these two 
objects are steeply inclined to the ecliptic: Pluto’s orbit is tilted by 
about 17°, and that of Eris is tilted by 44! 



C alCUlationCheck 4-3:) Which has a larger diameter, the asteroid 
belt or the Kuiper belt? 

Answers appear at the end of the chapter. 

Comets 

Two objects in the Kuiper belt can collide if their orbits cross each 
other. When this happens, a fragment a few kilometers across can 
be knocked off one of the colliding objects and be diverted into a 
new and elongated orbit that brings it close to the Sun. Such small 
objects, each a combination of rock and ice, get a new name— 
comets. When a comet comes close enough to the Sun, the Sun’s 
radiation vaporizes some of the comet’s ices, producing long flowing 
tails of gas and dust particles (Figure 4-8). Astronomers can then 
deduce the composition of comets by studying the spectra of these 
tails created by reflected sunlight. 

CAUTION Science-fiction movies and television programs sometimes 
show comets tearing across the night sky like a rocket. That would 
be a pretty impressive sight—but that is not what comets look like. 
Like the planets, comets orbit the Sun. And like the planets, comets 
move hardly at all against the background of stars over the course 
of a single night. If you are lucky enough to see a bright comet, it 
will not zoom dramatically from horizon to horizon. Instead, it will 
seem to hang majestically among the stars, so you can admire it at 
your leisure. 

Some comets appear to originate from locations far beyond the 
Kuiper belt. The source of these is thought to be a swarm of comets 
that forms a spherical “halo” around the solar system called the 
Oort cloud. This hypothesized “halo” extends to 50,000 AU from 
the Sun (about one-fifth of the way to the nearest other star). 


Because the Oort cloud is so distant, it has not yet been possible to 
detect objects in the Oort cloud directly. 

(ConceptCheck 4-10:) If a comet is observed to have an orbit 
that is perpendicular to Earth’s orbit about the Sun, did it most likely 
originate from the Kuiper belt or the Oort cloud? 

Answer appears at the end of the chapter. 



Figure 4-8 RIVUXG 

A Comet This photograph shows Comet Hale-Bopp as it appeared in April 1997. The solid 
part of a comet like this is a chunk of dirty ice a few tens of kilometers in diameter. When 
a comet passes near the Sun, solar radiation vaporizes some of the icy material, forming 
a bluish tail of gas and a white tail of dust. Both tails can extend for tens of millions of 
kilometers. (Richard J. Wainscoot, University of Hawaii) 
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C2B The Sun and planets formed from a 

rotating solar nebula 

How did the Sun and planets form? Where did the solar system 
come from? These questions have tantalized astronomers for cen¬ 
turies. The first step toward answers lies with an understanding of 
which elements are most abundant in our solar system and beyond. 
For a summary of the properties of all the planets, see Cosmic Con¬ 
nections: Characteristics of the Planets. 

The Origin of the Elements 
and Cosmic "Recycling" 

As we saw earlier in the chapter, one of the key properties of our 
solar system is that the inner, terrestrial planets are smaller and 
made of much heavier chemical elements than the significantly 
larger outer planets, which are made of relatively lightweight ele¬ 
ments. One reason for this fundamental difference is that the chemi¬ 
cal elements of hydrogen and helium are quite common in the 
universe, while the heavier elements that make up rocky substances 
are quite rare. The dominance of hydrogen and helium is not merely 
a characteristic of the outer reaches of our solar system. By analyz¬ 
ing the spectra of stars and galaxies outside our solar system, as¬ 
tronomers have found essentially the same pattern of chemical 
abundances out to the farthest distance attainable by the most pow¬ 
erful telescopes. Hence, the vast majority of the atoms in the uni¬ 
verse are hydrogen and helium atoms. The elements that make up 
the bulk of the Earth—mostly iron, oxygen, and silicon—are rela¬ 
tively rare in the universe as a whole, as are the elements of which 
living organisms are made—carbon, oxygen, nitrogen, and phos¬ 
phorus, among others. 

There is a good reason for this overwhelming abundance of 
hydrogen and helium. A wealth of evidence has led astronomers to 
conclude that the universe began some 13.7 billion years ago with 
a violent event known as the Big Bang. Only the lightest elements— 
hydrogen and helium, as well as tiny amounts of lithium and per¬ 
haps beryllium—emerged from the enormously high temperatures 
following this cosmic event. All the heavier elements were manu¬ 
factured by stars later, either by combining lighter atoms together 
into heavier atoms deep in their interiors or by the violent explo¬ 
sions that mark the end of massive stars. Were it not for these 
processes, which take place only in stars, there would be no heavy 
elements in the universe, no planet like our Earth, and no humans 
to contemplate the nature of the cosmos. 

Because our solar system contains heavy elements, it must be 
that at least some of its material was once inside other stars. But 
how did this material become available to help build our solar 
system? The answer is that near the ends of their lives, stars cast 

T, £ ^ much of their matter back out into space. 

The fates of stars are ^ . 

For most stars this process is a compara- 

covered in Chapter 12. tively gentle one, in which a star’s outer 

layers are gradually expelled. Figure 4-9 
shows a star losing material in this fashion. This ejected material 
appears as the cloudy region, or nebulosity (from nubes, Latin for 
“cloud”), that surrounds the star and is illuminated by it. A few 
stars eject matter much more dramatically at the very end of their 



Figure 4-9 RIVUXG 

A Mature Star Ejecting Gas and Dust The star Antares is shedding material from its outer 
layers, forming a thin cloud around the star. We can see the cloud because some of the 
ejected material has condensed into tiny grains of dust that reflect the star’s light. (Dust 
particles in the air around you reflect light in the same way, which is why you can see them 
within a shaft of sunlight in a darkened room.) Antares lies some 600 light-years from Earth 
in the constellation Scorpio. (David Malin/Anglo-Australian Observatory) 


lives, in a spectacular detonation called a supernova, which blows 
the star apart. 

No matter how it escapes, the ejected material contains heavy 
elements from which to develop a system of planets, satellites, com¬ 
ets, and asteroids. Our own solar system must have formed from 
enriched material in just this way. Thus, our solar system contains 
“recycled” material that was produced long ago inside a now-dead 
star. This “recycled” material includes all of the carbon in your body, 
all of the oxygen that you breathe, and all of the iron and silicon in 
the soil beneath your feet. 

( jConceptCheck 4-11: ) To what does the phrase “we are all made 
of star stuff” refer? 

Answer appears at the end of the chapter. 

The Birth of the Sun: The Solar 
Nebular Hypothesis 

We have seen how the Big Bang and processes within ancient stars 
produced the raw ingredients of our solar system. But given these 
ingredients, how might they have combined to make the Sun and 
planets we see today? Whatever description we devise must account 
for the two broad categories of planets as well as the shape and 
rotation of the solar system itself. 

The central idea agreed upon by most astronomers dates to the 
late 1700s, when the German philosopher Immanuel Kant and the 
French scientist Pierre-Simon de Laplace turned their attention to 
the manner in which the planets orbit the Sun. Both concluded that 
the arrangement of the orbits—all in the same direction and in 










COSMIC CONNECTIONS Characteristics of the Planets 

• _ - ' _ : _ * * . _ • ‘ - 



The Inner (Terrestrial) Planets 

Close to the Sun 

- Small diameter, small mass, high density 



Mercury 

Venus 

Earth 

Mars 

Average distance from Sun (AU) 

0.387 

0.723 

1.000 

1.524 

Equatorial diameter (Earth = 1) 

0.383 

0.949 

1.000 

0.533 

Mass (Earth = 1) 

0.0553 

0.8150 

1.0000 

0.1074 

Average density (kg/m 3 ) 

5430 

5243 

5515 

3934 



Mercury Venus Earth Mars 



Atmosphere 

None 


Atmosphere 
Carbon dioxide 


Atmosphere 
Nitrogen, oxygen 


Atmosphere 
Carbon dioxide 



Interior Interior Interior Interior 

Iron-nickel core, Iron-nickel core, Iron-nickel core, Iron-nickel core, 

rocky shell rocky shell rocky shell rocky shell 








The Outer (Jovian) Planets 


Far from the Sun - Large diameter, large mass, low density 



Jupiter 

Saturn 

Uranus 

Neptune 

Average distance from Sun (AU) 

5.203 

9.554 

19.194 

30.066 

Equatorial diameter (Earth = 1) 

11.209 

9.449 

4.007 

3.883 

Mass (Earth = 1) 

317.8 

95.16 

14.53 

17.15 

Average density (kg/m 3 ) 

1326 

687 

1318 

1638 



Jupiter 




Uranus 



Neptune 



Atmosphere 
Hydrogen, helium 



Atmosphere 
Hydrogen, helium 



A 

gflj 


M 


N 



Helium 


Atmosphere 
Hydrogen, helium 


Atmosphere 
Hydrogen, helium 



Interior 

Rocky core, liquid 
hydrogen and helium 



Interior 

Rocky core, liquid 
hydrogen and helium 



Interior 

Rocky core, liquid 
water and ammonia 


Interior 

Rocky core, liquid 
water and ammonia 
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(b) As a result of contraction and rotation, a flat, rapidly 
rotating disk forms. The matter concentrated at the 
center becomes the protosun. 



Figure 4-10 

The Birth of the Solar System (a) A cloud of interstellar gas and dust begins to contract 
because of its own gravity, (b) As the cloud flattens and spins more rapidly around its 
rotation axis, a central condensation develops that evolves into a glowing protosun. The 
planets will form out of the surrounding disk of gas and dust. 


nearly the same plane—could not be mere coincidence. To explain 
the orbits, Kant and Laplace independently proposed that our entire 
solar system, including the Sun as well as all of its planets and satel¬ 
lites, formed from a vast, rotating cloud of gas and dust called the 
solar nebula (Figure 4-10). This explanation is called the nebular 
hypothesis. 

Each part of the nebula exerted a gravitational attraction on 
the other parts, and these mutual gravitational pulls tended to make 
the nebula contract. As it contracted, the greatest concentration of 
matter occurred at the center of the nebula, forming a relatively 
dense region called the protosun. As its name suggests, this part of 
the solar nebula eventually developed into the Sun. The planets 
formed from the much sparser material in the outer regions of the 
solar nebula. Indeed, the mass of all the planets together is only 
0.1% of the Sun’s mass. 

When you drop a ball, the gravitational attraction of the Earth 
makes the ball fall faster and faster as it falls; in the same way, 
material falling inward toward the protosun would have gained 
speed as it fell. When this fast-moving material slammed into the 
protosun, the energy of the collision was converted into thermal 
energy, causing the temperature deep inside the solar nebula to 
increase. 


We will cover the Sun in detail in Chapter 9, but for now there 
are a few things you need to know about the Sun in the context of 
the formation of the solar system. As the newly created protosun 
continued to contract, its interior temperature continued to increase 
as well. About 10 5 (100,000) years after it began to form, the pro¬ 
tosun’s surface temperature stabilized at about 6000 K, but the 
temperature in its interior kept increasing to ever higher values as 
the central regions of the contracting protosun became denser and 
denser. Eventually, perhaps 10 7 (10 million) years after the solar 
nebula first began to contract, the gas at the center of the protosun 
reached a density of about 10 5 kg/m 3 (a hundred times denser than 
water) and a temperature of a few million kelvins (that is, a few 
times 10 6 K). Under these extreme conditions, nuclear reactions that 
convert hydrogen into helium began in the protosun’s interior. When 
this happened, the energy released by these reactions stopped the 
contraction and a true star was born. Nuclear reactions continue 
to the present day in the interior of the Sun and are the source of 
all the energy that the Sun radiates into space. 

If the solar nebula had not been rotating at all, everything 
would have fallen directly into the protosun, leaving nothing be¬ 
hind to form the planets. Instead, the solar nebula must have had 
an overall slight rotation, which caused its evolution to follow a 
different path. As the slowly rotating nebula collapsed inward, 
it would naturally have tended to rotate faster. This relation¬ 
ship between the size of an object and its rotation speed is an 
example of a general principle called the conservation of angular 
momentum. 

ANALOGY Figure skaters make use of the conservation of angular 
momentum. When a spinning skater pulls her arms and legs in close 
to her body, the rate at which she spins automatically increases 
(Figure 4-11). Even if you are not a figure skater, you can demon¬ 
strate this by sitting on an office chair. Sit with your arms out¬ 
stretched and hold a weight, like a brick or a full water bottle, in 
either hand. Now use your feet to start your body and the chair 



(a) (b) 

Figure 4-11 RIVUXG 

Conservation of Angular Momentum A figure skater who (a) spins slowly with her limbs 
extended will naturally speed up when (b) she pulls her limbs in. In the same way the 
solar nebula spun more rapidly as its material contracted toward the center of the nebula. 
(AP Photo/Amy Sancetto) 
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(b) 


(Qjf Figure 4-12 R I V U X G 


Protoplanetary Disks (a) The Orion Nebula is a star-forming region located 
some 1500 light-years from Earth. It is the middle “star” in Orion’s “sword” (see Figure 1-3). 
(b) This view of the center of the Orion Nebula is a mosaic of Hubble Space Telescope 
images. The four insets are false-color close-ups of four protoplanetary disks that lie within 


the nebula. A young, recently formed star is at the center of each disk. (The disk at upper 
right is seen nearly edge-on.) The inset at the lower left shows the size of our own solar 
system for comparison, (a: Anglo-Australian Observatory image by David Malin; b: C. 
R. O’Dell and S. K. Wong, Rice University; NASA) 


rotating, lift your feet off the ground, and then pull your arms in¬ 
ward. Your rotation will speed up quite noticeably. 

As the solar nebula began to rotate more rapidly, it also tended 
to flatten out (Figure 4-10 b). From the perspective of a particle rotat¬ 
ing along with the nebula, it felt as though there were a force push¬ 
ing the particle away from the nebula’s axis of rotation. (Likewise, 
passengers on a spinning carnival ride seem to feel a force pushing 
them outward and away from the ride’s axis of rotation.) This ap¬ 
parent force was directed opposite to the inward pull of gravity, and 
so it tended to slow the contraction of material toward the nebula’s 
rotation axis. But there was no such effect opposing contraction in 
a direction parallel to the rotation axis. Some 10 5 (100,000) years 
after the solar nebula first began to contract, it had developed the 
structure shown in Figure 4-10 b, with a rotating, flattened disk sur¬ 
rounding what will become the protosun. This disk is called the 
protoplanetary disk or proplyd, since planets formed from its mate¬ 
rial. This model explains why their orbits all lie in essentially the 
same plane and why they all orbit the Sun in the same direction. 

There were no humans to observe these processes taking place 
during the formation of the solar system. But Earth astronomers 
have seen disks of material surrounding other stars that formed only 
recently. These, too, are called protoplanetary disks, because it is 
thought that planets can eventually form from these disks around 
other stars. Hence, these disks are planetary systems that are still 
“under construction.” By studying these disks around other stars, 
astronomers are able to examine what our solar nebula may have 
been like some 4.56 X 10 9 years ago. 


Figure 4-12 shows a number of protoplanetary disks in the 
Orion Nebula, a region of active star formation. A star is visible at 
the center of each disk, which reinforces the idea that our Sun began 
to shine before the planets were fully formed. A study of 110 young 
stars in the Orion Nebula detected protoplanetary disks around 
56 of them, which suggests that systems of planets may form 
around a substantial fraction of stars. Later in this chapter we will 
see direct evidence for planets that have formed around stars other 
than the Sun. 

(ConceptCheck 4-12:) If the nebular hypothesis is correct, what 
must it explain about the planetary orbits? 

Answer appears at the end of the chapter. 

(J5D» The planets formed by countless 

collisions of dust, rocks, and gas in the region 
surrounding our young Sun 

We have seen how the solar nebula would have contracted to form 
a young Sun with a protoplanetary disk rotating around it. But how 
did the material in this disk form into planets? And why are rocky 
planets in the inner solar system, while the giant Jupiterlike planets 
are in the outer solar system? If the nebular hypothesis is to be 
considered accurate, it needs to be able to successfully provide an¬ 
swers to these overarching questions. 
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Temperatures in the Solar Nebula 

To understand how the planets, asteroids, and comets formed, we 
must look at the conditions that prevailed within the solar nebula. 
The density of material in the part of the nebula outside the pro¬ 
tosun was rather low, as was the pressure of the nebula’s gas. If the 
pressure is sufficiently low, a substance cannot remain in the liquid 
state, but must end up as either a solid or a gas. For a given pres¬ 
sure, what determines whether a certain substance is a solid or a 
gas is its condensation temperature. If the temperature of a sub¬ 
stance is above its condensation temperature, the substance is a 
gas; if the temperature is below the condensation temperature, the 
substance solidifies into tiny specks of dust or snowflakes. You can 
often see similar behavior on a cold morning. The air temperature 
can be above the condensation temperature of water, while the cold 
windows of parked cars may have temperatures below the conden¬ 
sation temperature. Thus, water molecules in the air remain as a 
gas (water vapor) but form solid ice particles (frost) on the car 
windows. 

Substances such as water (H 2 0), methane (CH 4 ), and ammonia 
(NH 3 ) have low condensation temperatures, ranging from 100 to 
300 K. Rock-forming substances have much higher condensation 
temperatures, in the range from 1300 to 1600 K. The gas cloud 
from which the solar system formed had an initial temperature near 
50 K, so all of these substances could have existed in solid form. 
Thus, the solar nebula would have been populated by an abundance 
of small ice particles and solid dust grains like the one shown in 
Figure 4-13. (Recall that “ice” can refer to frozen carbon dioxide, 
methane, or ammonia, as well as frozen water.) But hydrogen and 
helium, the most abundant elements in the solar nebula, have con¬ 
densation temperatures so near absolute zero that these substances 
always existed as gases during the creation of the solar system. You 
can best visualize the initial state of the solar nebula as a thin gas 
of hydrogen and helium strewn with tiny dust particles. 



Figure 4-14 

Temperature Distribution in the Solar Nebula This graph shows how temperatures 
probably varied across the solar nebula as the planets were forming. Note the general 
decline in temperature with increasing distance from the center of the nebula. Beyond 5 
AU from the center of the nebula, temperatures were low enough for water to condense 
and form ice; beyond 30 AU, methane (CHJ could also condense into ice. 

Figure 4-14 shows the probable temperature distribution in the 
solar nebula at this stage in the formation of our solar system. In 
the inner regions of the solar nebula, water, methane, and ammonia 
were vaporized by the high temperatures. Only materials with high 
condensation temperatures could have remained solid. Of these 
materials, iron, silicon, magnesium, and sulfur were particularly 
abundant, followed closely by aluminum, calcium, and nickel. 
(Most of these elements were present in the form of oxides, which 
are chemical compounds containing oxygen. These compounds also 
have high condensation temperatures.) In contrast, ice particles and 
ice-coated dust grains were able to survive in the cooler, outer por¬ 
tions of the solar nebula. 



10 [xm = 0.01 mm 


Figure 4-13 

A Grain of Cosmic Dust This highly magnified image shows a microscopic dust grain that 
came from interplanetary space. It entered Earth’s upper atmosphere and was collected by 
a high-flying aircraft. Dust grains of this sort are abundant in star-forming regions. These 
tiny grains were also abundant in the solar nebula and served as the building blocks of the 
planets. (Donald Brownlee, University of Washington) 


( ConceptCheck 4-13 Q How might the solar system be different if 
the location at which water could freeze in the solar nebula was much 
more distant than it was in the solar nebula that formed our solar 
system? 

Answer appears at the end of the chapter. 


Planetesimals Become Protoplanets, 
then Rocky Planets 


In the inner part of the solar nebula, the grains of high- 
^ condensation-temperature materials would have col- 
lided and merged into small chunks. Initially, electric 
forces—that is, chemical bonds—held these chunks together, in the 
same way that chemical bonds hold an ordinary rock together. 
Over a few million years, these chunks coalesced into roughly 10 9 
asteroidlike objects called planetesimals, with diameters of a kilo¬ 
meter or so. These were large enough to be held together by the 
gravitational attraction of the different parts of the planetesimal 
for each other. During the next stage, gravitational attraction be¬ 
tween the planetesimals caused them to collide and accumulate 
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into still-larger objects called protoplanets, which were roughly the 
size and mass of our Moon. This process of accumulation of mate¬ 
rial to form larger and larger objects is called accretion. During the 
final stage, these Moon-sized protoplanets collided to form the 
inner planets. This final episode must have involved some truly 
spectacular, world-shattering collisions. 

In the inner solar nebula only materials with high condensation 
temperatures could form dust grains and hence protoplanets, so the 
result was a set of planets made predominantly of materials such 
as iron, silicon, magnesium, and nickel, and their oxides. This is just 
the composition of the present-day inner planets. We now under¬ 
stand that the accretion process only requires roughly 10 8 (100 
million) years to form four or five rocky planets with orbits between 
0.3 and 1.6 AU from the Sun. 

Figure 4-15 shows the results of a computer simulation starting 
with 100 planetesimals, each having a mass of 1.2 X 10 23 kg. This 
choice ensures that the total mass (1.2 X 10 25 kg) equals the com¬ 
bined mass of the four inner planets (Mercury through Mars) plus 
their moons. The initial orbits of planetesimals are inclined to each 
other by angles of less than 5° to simulate a thin layer of particles 
orbiting the protosun. After an elapsed time simulating 30 million 
(3 X 10 7 ) years, the 100 original planetesimals have merged into 
22 protoplanets (Figure 4-15b). After 79 million (7.9 X 10 7 ) years, 
these have combined into 11 larger protoplanets. Nearly another 
100 million (10 8 ) years elapse before further mergers leave just six 
growing protoplanets. Finally, Figure 4- 15c shows four planets fol¬ 
lowing nearly circular orbits after a total elapsed time of 441 million 
(4.41 X 10 8 ) years. In this particular simulation, the fourth planet 
from the Sun ends up being the most massive; in our own solar 
system, the third planet (Earth) is the most massive of the rocky 
planets. Note that due to collisions, the four planets in the simula¬ 
tion end up in orbits that are nearly circular, just like the orbits of 
most of the planets in our solar system. 


At first the material that coalesced to form protoplanets in the 
inner solar nebula remained largely in solid form, despite the high 
temperatures close to the protosun. But as the protoplanets grew, 
they were heated by the violent impacts of planetesimals as well as 
the decay of radioactive elements such as uranium, and this heat 
caused melting. Thus, the terrestrial planets began their existence 
as spheres of at least partially molten rocky materials. Material was 
free to move within these molten spheres, so the denser, iron-rich 
minerals sank to the centers of the planets while the less dense 
silicon-rich minerals floated to their surfaces. This process is called 
chemical differentiation. In this way the rocky planets developed 
their dense iron cores. 

Because the materials that went into the terrestrial planets are 
relatively scarce, these planets ended up having relatively small mass 
and hence relatively weak ability for gravitational attraction. As a 
result, the terrestrial protoplanets were unable to capture any of the 
hydrogen or helium in the solar nebula to form atmospheres. The 
thin envelopes of atmosphere that encircle Venus, Earth, and Mars 
evolved much later as trapped gases escaped from the molten inte¬ 
riors of these planets. 

fConceptCheck 4-14: ) How do rocky planets develop a core that 
has a higher density than rocks on their surfaces? 

Answer appears at the end of the chapter. 

Outer Planet Formation by Core Accretion: 
Capturing an Envelope of Gas 

Like the inner planets, the outer planets may have begun to form 
by the accretion of planetesimals. The key difference is that ices as 
well as rocky grains were able to survive in the outer regions of the 
solar nebula, where temperatures were relatively low (Figure 



(a) 



(b) 


...and after a total elapsed 
time of 441 million years, 
four planets remain. 



(C) 


Figure 4-15 

Accretion of the Terrestrial Planets These three drawings show the results of a inner planets were essentially formed after 150 million years. (Adapted from George 

computer simulation of the formation of the inner planets. In this simulation, the W. Wetherill) 













106 


CHAPTER 4 


4-14). The elements of which ices are made are much more abun¬ 
dant than those that form rocky grains. Thus, much more solid 
material would have been available to form planetesimals in the 
outer solar nebula than in the inner part. As a result, solid objects 
several times larger than any of the terrestrial planets could have 
formed in the outer solar nebula. Each such object, made up of a 
mixture of ices and rocky material, could have become the core of 
a Jovian planet and served as a “seed” around which the rest of the 
planet eventually grew. 

Thanks to the lower temperatures in the outer solar system, gas 
atoms (principally hydrogen and helium) were moving relatively 
slowly and so could more easily be captured by the strong gravity 
of these massive cores. Thus, the core of a Jupiterlike protoplanet 
could have captured an envelope of gas as it continued to grow by 
accretion. This picture is called the core accretion model for the 
origin of the outer planets. 

Calculations based on the core accretion model suggest that 
both rocky materials and gas slowly accumulated for several million 
years, until the masses of the core and the envelope became equal. 
From that critical moment on, the envelope pulled in all the gas it 
could get, dramatically increasing the protoplanet’s mass and size. 
This runaway growth of the protoplanet would have continued 
until all the available gas was used up. The result was a huge planet 
with an enormously thick, hydrogen-rich envelope surrounding a 
rocky core with 5 to 10 times the mass of the Earth. This scenario 
could have occurred at four different distances from the Sun, thus 
creating the four Jovian planets. 

In the core accretion model, Uranus and Neptune probably did 
not form at their present locations, respectively about 19 and 30 
AU from the Sun. The solar nebula was too sparse at those distances 
to allow these planets to have grown to the present-day sizes. In¬ 
stead, it is thought that Uranus and Neptune formed between 4 and 
10 AU from the Sun, but were flung into larger orbits by gravita¬ 
tional interactions with Jupiter. 

(ConceptCheck 4-15: ) Why would it be unlikely that the most 
distant Jupiterlike planets of Uranus and Neptune formed by core 
accretion at their current locations? 

Answer appears at the end of the chapter. 

The Disk Instability Model 

Astronomers are not 100% convinced that the core accretion model 
successfully explains the formation of Jupiterlike planets. An alter¬ 
native, and equally plausible, model for the origin of the outer 
planets, the disk instability model, suggests that they formed directly 
from the gas of the solar nebula. If the gas of the outer solar nebula 
was not smooth but clumpy, a sufficiently large and massive clump 
of gas could begin to collapse inward all on its own, like the pro¬ 
tosun but on a smaller scale. Such a large clump would attract other 
gas, forming a very large planet of hydrogen and helium within just 
a few hundreds or thousands of years. 

In the disk instability model the rocky core of a Jupiterlike 
planet is not the original nucleus around which the planet grew; 
rather, it is the result of planetesimals and icy dust grains that were 
drawn gravitationally into the planet and then settled at the planet’s 


center. Another difference is that in the disk instability model it is 
possible for Uranus and Neptune to have formed in their present- 
day orbits, since they would have grown much more rapidly than 
would be possible in the core accretion model. 

Figure 4-16 summarizes our overall picture of the formation 
of the terrestrial and Jovian planets. 

( ConceptCheck 4-16: ) If the early solar nebula was clumpy rather 
than smooth, how would this allow Jupiterlike planets to form? 

Answer appears at the end of the chapter. 


(a) Within the disk that surrounds the protosun, solid 
grains collide and dump together into planetesimals. 


Planetesimals 


Protosun 


1 


I Planetesimal 


~ 1 km 


(b) The terrestrial planets built up by collisions and by the 
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It Figure 4-16 

Terrestrial Versus Jovian Planet Formation Terrestrial Versus Jovian Planet 
Formation (a) Planetesimals about 1 km in size formed in the solar nebula from small dust 
grains sticking together, (b) Planetesimals in the inner solar system grouped together to 
form the terrestrial planets. In the outer solar system, the Jovian planets may have begun 
as terrestrial-like planets that accumulated massive envelopes of hydrogen and helium. 
Alternatively, the Jovian planets may have formed directly from the gas of the solar nebula. 
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The Final Stages of Solar System Evolution 

While the planets were forming, the protosun was also evolving into 
a full-fledged star with nuclear reactions occurring in its core. The 
time required for this to occur was about 10 8 years, roughly the 
same as that required for the formation of the terrestrial planets. 
Before the onset of nuclear reactions, however, the young Sun prob¬ 
ably expelled a substantial portion of its mass into space (Figure 
4-17). Magnetic fields within the solar nebula would have funneled 
a portion of the nebula’s mass into oppositely directed jets along the 
rotation axis of the nebula, such as the jets shown in Figure 4-1 la. 

In addition, observations of our relatively unstable young Sun 
would have revealed it ejecting its thin outermost layers into space. 
This brief but intense burst of mass loss, observed in many young 
stars across the sky, is called a T Tauri wind, after the star in the 
constellation Taurus (the Bull) where it was first identified (see Fig¬ 
ure 4-1 7 b). Each of the protoplanetary disks in Figure 4-12 (insets) 
has a T Tauri star at its center. (The present-day Sun also loses mass 
from its outer layers in the form of high-speed electrons and pro¬ 
tons, a flow called the solar wind. But this is minuscule compared 
with a T Tauri wind, which causes a star to lose mass 10 6 to 10 7 
times faster than in the solar wind.) 

With the passage of time, the combined effects of jets, the T 
Tauri wind, and accretion onto the planets would have swept the 
solar system nearly clean of gas and dust. With no more interplan¬ 
etary material to gather up, the planets would have stabilized at 
roughly their present-day sizes, and the formation of the solar sys¬ 
tem would have been complete. The figures in Cosmic Connections: 
Formation of the Solar System summarize our modern-day picture 
of the origin of our solar system. Prior to 1995 the only fully formed 
planetary system to which we could apply this model was our own. 
As we will see in the next section, astronomers can now further test 



(a) Jets from a young star 
Figure 4-17 RIVUXG 

Jets and Winds from Young Stars (a) This protostar in the constellation Taurus (the Bull) is 
ejecting matter in two immense jets directed perpendicular to the plane of the accretion disk. 
Red denotes light emitted by hot ionized gas in the jet, while green denotes starlight scattered 
by dust particles in the disk, (b) An outpouring of particles and radiation from the surfaces 


this model on an ever-growing number of planets known to orbit 
other stars. 

(ConceptCheck 4-17:} What are three processes that would have 
cleaned the early solar system of dust and gas? 

Answer appears at the end of the chapter. 

a» Understanding how our planets 

formed around the Sun suggests planets 
around other stars are common 

If planets formed around our Sun, have they formed around other 
stars too? That is, are extrasolar planets orbiting distant stars like 
our planets orbit the Sun? Our understanding of how planets form 
suggests this is likely. This notion is based on the laws of physics 
and chemistry, which to the best of our understanding are the same 
throughout the universe. The discovery of a set of planets orbiting 
another star, with rocky planets in orbit close to the star and Jupi- 
terlike planets orbiting farther away, would be a tremendous vin¬ 
dication of our theory of solar system formation. It would also tell 
us that our planetary system is not unique in the universe. Because 
at least one planet in our solar system—the Earth—has the ability 
to support life, perhaps other planetary systems could also harbor 
living organisms. 

Since 1995 astronomers have in fact discovered more than 500 
planets orbiting stars other than the Sun, with many more soon to 
be announced. However, none of these has been confirmed to be a 
terrestrial planet. Most of them are more massive than Jupiter, and 
some are in eccentric, noncircular orbits quite unlike planetary 



(b) Winds from young stars 


of these young stars has carved out a cavity in the surrounding dusty material. The stars lie 
within the Trifid Nebula in the constellation Sagittarius (the Archer). The scale of this image 
is about 100 times greater than that of image (a), (a: C. Burrows, the WFPC-2 Investigation 
Definition Team, and NASA; b: David Malin/Anglo-Australian Observatory) 








COSMIC CONNECTIONS .. Formation of the Solar System 



An overview of our present-day understanding of how the solar system formed. 
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orbits in our solar system. To appreciate how remarkable these 
discoveries are, we must look at the process that astronomers go 
through to search for extrasolar planets. 

Searching for Extrasolar Planets 

It is very difficult to make direct observations of planets orbiting 
other stars. The problem is that planets are small and dim com¬ 
pared with stars; as seen by an alien astronomer far from our solar 
system, at visible wavelengths the Sun is 10 9 times brighter than 
Jupiter and 10 10 times brighter than the Earth. A hypothetical 
planet orbiting a distant star, even a planet 10 times larger than 
Jupiter, would be lost in the star’s glare as seen through even the 
largest telescope on Earth. 

Instead, indirect methods are used to search for extrasolar 
planets. One very powerful method is to search for stars that ap¬ 
pear to “wobble” (Figure 4-18). If a star has a planet, it is not quite 
correct to say that the planet orbits the star. Rather, both the planet 
and the star move in elliptical orbits around a point called the 
center of mass. This is even true for our Sun and the largest planet 
of our solar system. Imagine the planet and the star as sitting at 
opposite ends of a very long seesaw; the center of mass is the point 
where you would have to place the fulcrum in order to make the 
seesaw balance. Because of the star’s much greater mass, the center 
of mass is much closer to the star than to the planet. Thus, while 
the planet may move in an orbit that is hundreds of millions of 
kilometers across, the star will move in a much smaller orbit (Fig¬ 
ure 4-1 Sa). 

As an example, the Sun and Jupiter both orbit their common 
center of mass with an orbital period of 11.86 years. (Jupiter has 
more mass than the other seven planets put together, so it is a rea¬ 
sonable approximation to consider the Sun’s wobble as being due 
to Jupiter alone.) Jupiter’s orbit has a semimajor axis of 7.78 X 10 8 


km, while the Sun’s orbit has a much smaller semimajor axis of 
742,000 km. The Sun’s radius is 696,000 km, so the Sun slowly 
wobbles around a point not far outside its surface. If astronomers 
elsewhere in the galaxy could detect the Sun’s wobbling motion, 
they could tell that there was a large planet (Jupiter) orbiting the 
Sun. They could even determine the planet’s mass and the size of its 
orbit, even though the planet itself was unseen. 

Detecting the slight wobble of other stars due to a nearly invis¬ 
ible orbiting planet is not an easy task. Although there are several 
strategies astronomers are using to detect the tiny wobble of a star 
caused by an orbiting planet, we will discuss only the most com¬ 
monly used one of these here. 

Generally, a wobbling star will alternately move away from and 
toward the Earth. This will cause the dark absorption lines in the 
star’s spectrum to shift their wavelengths back and forth in a peri¬ 
odic fashion due to the Doppler effect, described earlier in the text. 
When the star is moving away from us, its spectrum will undergo a 
redshift to longer wavelengths. When the star is approaching, there 
will be a blueshift of the spectrum to shorter wavelengths. These 
wavelength shifts are very small because the star’s motion around 
its orbit is quite slow. As an example, the Sun moves around its small 
orbit at only 12.5 m/s (45 km/h, or 28 mi/h). If the Sun were moving 
directly toward an observer at this speed, the prominent absorption 
line at a wavelength of 656 nm in the Sun’s spectrum would be 
shifted by only 2.6 X 10“ 5 nm, or about 1 part in 25 million. Detect¬ 
ing these tiny shifts requires extraordinarily careful measurements 
and painstaking data analysis. This method is known widely as the 
radial velocity method (Figure 4-18c) and has been the most fruitful 
method so far in detecting the presence of extrasolar planets. 

Astronomers have used the radial velocity method to discover 
planets orbiting more than 160 other stars at distances up to 600 
light-years from the Sun. In at least 20 cases the star’s “wobble” is 
too complex to have been caused by a single planet, so in these cases 




(c) The radial velocity method 


Figure 4-18 

Detecting a Planet by Measuring Its Parent Star’s Motion (a) A planet and its star 
both orbit around their common center of mass, always staying on opposite sides of this 
point. Even if the planet cannot be seen, its presence can be inferred if the star’s motion 
can be detected, (b) The astrometric method of detecting the unseen planet involves 


making direct measurements of the star’s orbital motion, (c) In the radial velocity method, 
astronomers measure the Doppler shift of the star’s spectrum as it moves alternately 
toward and away from the Earth. The amount of Doppler shift determines the size of the 
star’s orbit, which in turn tells us about the unseen planet’s orbit. 













Figure 4-19 

A Selection of Extrasolar Planets This figure 
summarizes what we know about planets orbiting 
a number of other stars. The star name is given 
at the left of each line. Each planet is shown at 
its average distance from its star (equal to the 
semimajor axis of its orbit). The mass of each 
planet—actually a lower limit-is given as a 
multiple of Jupiter’s mass (M), equal to 318 Earth 
masses. Comparison with our own solar system 
(at the top of the figure) shows how closely 
many these extrasolar planets orbit their stars. 
(Adapted from the California and Carnegie 
Planet Search) 
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the star has a multiple-planet system. Figure 4-19 depicts a selection 
of these extrasolar planetary discoveries. 

Most of the extrasolar planets discovered by the radial velocity 
method have masses comparable with or larger than that of Saturn, 
and thus are presumably giant Jupiterlike planets made primarily 
of hydrogen and helium. (This is difficult to confirm directly, be¬ 
cause the spectra of the planets are very faint.) If other planetary 
systems are similar to our own, Jupiterlike planets would be ex¬ 
pected to orbit relatively far from their stars, where temperatures 
were low enough to allow the buildup of a massive envelope of 
hydrogen and helium gas. But as Figure 4-19 shows, many extra¬ 
solar planets are in fact found orbiting very close to their stars. For 
example, the planet orbiting 51 Pegasi has a mass at least 0.46 times 
that of Jupiter but orbits only 0.052 AU from its star with an orbital 
period of just 4.23 days. In our own solar system, this orbit would 
lie well inside the orbit of Mercury! 

Another surprising result is that many of the extrasolar planets 
found so far have orbits with very large eccentricities (see Figure 
3-15). As an example, the planet around the star 16 Cygni B has an 
orbital eccentricity of 0.67; its distance from the star varies between 
0.55 AU and 2.79 AU. This is quite unlike planetary orbits in our 
own solar system, where no planet has an orbital eccentricity greater 
than 0.25. 

Are all stars equally likely to have planets? The answer appears 
to be no: Only about 5% of the stars surveyed with the radial veloc¬ 
ity method show evidence of planets. However, the percentage is 
10 to 20% for stars in which heavy elements are at least as abun¬ 
dant as in the Sun. The conclusion is that heavy elements appear to 
play an important role in the evolution of planets from an interstel¬ 
lar cloud. 

(ConceptCheck 4-18:} Why will the radial velocity method fail |to 
discover an extrasolar planet if the extrasolar planet’s orbit 
is oriented perpendicular to the line between Earth and the 
wobbling star? 

( CalClllationCheck 4-4?) Of the extrasolar planets depicted in 
Figure 4-19, what percentage have orbits smaller than Earth’s orbit 
around our Sun? 

Answers appear at the end of the chapter. 

Do Any Planets Resemble Earth? 

If there are planets orbiting other stars, are there any that resemble 
our own Earth? As of this writing, we do not know the answer to 
this question. An Earth-sized planet has such weak gravity that it 
can produce only a tiny “wobble” in its parent star, making it very 
difficult to detect such planets using the radial velocity method. If 
an Earth-sized planet were to transit its parent star, its diameter is 
so small that it would cause only a miniscule dimming of the star’s 
light. For these reasons, as of this writing astronomers have been 
unable to detect extrasolar planets less massive than 7.5 Earth 
masses. The next few decades may tell whether our own solar sys¬ 
tem is an exception or just one of a host of similar systems through¬ 
out the galaxy. 


Key Ideas and Terms 

4-1 The solar system has two broad categories of planets orbiting the Sun: 

terrestrial (Earthlike) and Jovian (Jupiterlike). 

• A planet’s average density is its mass divided by volume, measured in 
kilograms per cubic meter (kg/m 3 ), which characterizes its interior. 

• All four inner, terrestrial planets have dense iron cores and hard, rocky 
surfaces with mountains, craters, valleys, and volcanoes. 

• All four outer Jovian planets are relatively large with low densities and 
are Jupiterlike, having thick atmospheres. 

4-2 Seven large satellites are almost as big as the inner, terrestrial planets. 

• Naturally forming, rocky satellites orbit the Jovian planets much as 
Earth’s Moon orbits Earth. 

• The Jovian planets have many natural satellites that are almost as 
large as the terrestrial planets. 

4-3 Spectroscopy reveals the chemical composition of the planets. 

• Spectroscopy reveals the chemical composition of planets both with 
and without a surrounding envelope of gas, known as its atmosphere. 

• The inner planets have solid surfaces composed primarily of silicates. 

• The outer planets have thick gaseous atmospheres rich in hydrogen, 
helium, and methane. 

4-4 Small chunks of rock and ice also orbit the Sun: asteroids, trans- 

Neptunian objects, and comets. 

• Most asteroids are rocky objects orbiting our Sun in an asteroid belt 
between the orbits of Mars and Jupiter, the largest of which are 
known as minor planets. 

• Dwarf planets are the largest of the trans-Neptunian objects (TNOs) 
orbiting our Sun at and beyond Neptune’s orbit. 

• Icy balls known as comets that orbit our Sun just beyond the orbits of 
the trans-Neptunian objects are found in the Kuiper belt, whereas the 
most distant comets held by our Sun’s gravitational attraction are part 
of the Oort cloud. 

4-5 The Sun and planets formed from a rotating solar nebula. 

• A collection of dust and gas illuminated by the star it surrounds is 
known as a nebulosity. 

• The nebular hypothesis is that our solar system formed by a flattening 
and spinning collapse of an initial solar nebula, which explains why all 
planets orbit in the same direction in the same plane. 

• This constant relationship between the size of an object and its 
rotation speed is an example of a general principle called the 
conservation of angular momentum. 

• The flattening disk eventually forming the planets of our solar system 
surrounding our early protosun is known as a protoplanetary disk or 
proplyd. 

4-6 The planets formed by countless collisions of dust, rocks, and gas in the 

region surrounding our young Sun. 

• In the early solar system, whether a planet is made of solid or a gas 
depends on a material’s condensation temperature. 

• Planets formed first as kilometer-sized planetesimals, which 
gravitationally combined through accretion to become protoplanets. 
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Guiding Questions: 

1. Pluto, unlike any of the other planets in size, com¬ 
position, and orbital shape, is 

a. actually a planet, albeit a small one. 

b. always the most distant object orbiting the 
Sun. 

c. about the same size as Earth. 

d. classified as a dwarf planet. 

2. The largest planets are found orbiting 

a. near the Sun. 

b. at great distances. 

c. in both small and large orbital paths. 

d. relatively close, but just slightly beyond Mars’s 
orbit. 

3. Compared to Earth’s distance from the Sun, Ju¬ 
piter’s distance is about 

a. 5 times larger. 


PROMPT: What would you tell a fellow student who said, “Except 
for planet Pluto, the largest planets are closest to the Sun, with 
Mars and Neptune being about the same size and distance.” 


b. 50 times larger. 

c. the same, but orbits much slower. 

d. the same, but orbits a different Sun. 


ENTER RESPONSE: 


4. If Neptune is 4 times larger than Earth and Mars is half the size 
of Earth, the size comparison of Mars to Neptune is 

a. Neptune is 2 times larger than Mars. 

b. Neptune is 8 times larger than Mars. 

c. about equal. 

d. is about 38 AU. 


• In a molten protoplanet, material is free to move, and through 
differentiation, denser, iron-rich minerals sank to the centers of the 
planets while the less dense silicon-rich minerals floated to their 
surfaces. 

• The core accretion model explains how the core of Jupiterlike 
protoplanets could have captured an envelope of gas as it continued 
to grow. 

• The disk instability model is an alternative, and equally plausible, 
model for the origin of the outer planets where gas in the outer 
solar nebula was not smooth but clumpy, and a sufficiently large 
and massive clump of gas could begin to collapse inward all on its 
own. 

• Young stars emit a T Tauri wind of mass similar to how the present- 
day Sun loses mass from its outer layers in the form of high-speed 
electrons and protons known as the solar wind. 


4-7 Understanding how our planets formed around the Sun suggests planets 
around other stars are common. 

• Planets orbiting stars other than our Sun are called extrasolar planets. 

• The radial velocity method for detecting new planets measures tiny 
shifts in a star’s position around that planetary system’s center of 
mass. 

Questions 

Review Questions 

1. What are the characteristics of a terrestrial planet? 

2. What are the characteristics of a Jovian planet? 

3. In what ways are the largest satellites similar to the terrestrial 
planets? In what ways are they different? Which satellites are largest? 
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4. What is meant by the average density of a describing why another of the Galilean satellites you would most 

planet? Do all the planets orbit the Sun in the like to send a robotic lander to, explain why your group found it to 

same direction? Are all of the orbits circular? be the most interesting, and why the government should allocate 

5. What is an asteroid? What is a trans-Neptunian object? In what ways the mone y for y° ur alternative project. In your proposal, be sure to 

are these minor members of the solar system like or unlike the planets? demonstrate your knowledge of Callisto and at least one other 

satellite. 

6. What are the asteroid belt, the Kuiper belt, and the Oort cloud? 

Where are they located? How do the objects found in these three Find objects in the room or among your possessions that can be 

regions compare? used to create a reasonably accurate scale model of the planets of 

our solar system. Try finding a small object to represent Mercury 

7. In what ways is Pluto similar to a terrestrial planet? In what ways is first. 

it different? 



8. What is the connection between comets and the Kuiper belt? between 
comets and the Oort cloud? 

9. Imagine a trans-Neptunian object with roughly the same mass as 
Earth but located 50 AU from the Sun. (a) What do you think this 
object would be made of? Explain your reasoning, (b) On the basis 
of this speculation, assume a reasonable density for this object and 
calculate its diameter. How many times bigger or smaller than Earth 
would it be? 

10. Consider a hypothetical trans-Neptunian object located 100 AU from 
the Sun. What would be the orbital period (in years) of this object? 

11. What is the nebular hypothesis? 

12. What is a protosun? What causes it to shine? Into what does it evolve? 

13. What are proplyds? What do they tell us about the plausibility of our 
model of the solar system’s origin? 

14. (a) What is meant by accretion? (b) Why are the terrestrial planets 
denser at their centers than at their surfaces? 

15. Explain how our current understanding of the formation of the solar 
system can account for the following characteristics of the solar 
system: (a) All planetary orbits lie in nearly the same plane, (b) All 
planetary orbits are nearly circular, (c) The planets orbit the Sun in 
the same direction in which the Sun itself rotates. 

16. Explain why most of the satellites of Jupiter orbit that planet in the 
same direction that Jupiter rotates. 

17. What is the radial velocity method used to detect planets orbiting 
other stars? Why is it difficult to use this method to detect planets 
like Earth? 

Web Chat Questions 

1. Propose an explanation of why the Jovian planets are orbited by 
terrestrial-like satellites. 

2. Suppose that a planetary system is now forming around some 
protostar in the sky. In what ways might this planetary system turn 
out to be similar to or different from our own solar system? Explain 
your reasoning. 

3. Suppose astronomers discovered a planetary system in which the 
planets orbit a star along randomly inclined orbits. How might a 
theory for the formation of that planetary system differ from that for 
our own? 

Collaborative Exercises 

1. Imagine that scientists are proposing to send a robotic lander to 
visit Jupiter’s Callisto. Create a 100-word written proposal 


Observing Projects 

1. Use the Starry Night College™ program to explore the inner solar 
system. Select Favourites > Investigating Astronomy > Inner Solar 
System. This view, from a point in space about 3 AU above the North 
Pole of the Sun, shows the orbits of the inner planets. Click the Play 
button and watch the animation. Change the Time Flow Rate if 
necessary to speed up this motion. 

a) As seen from this location, do the planets revolve around the 
Sun in a clockwise or anti-clockwise direction? 

b) Do the asteroids (visible as green dots near the periphery of the 
view) move in the same or the opposite direction to the planets? 

c) Click the Stop button. Right-click (Ctrl-click on a Mac) over 
Mercury to display a contextual menu and select Show Info 
from the menu. After the Info pane opens, expand the Other 
Data layer and make a note of the planet’s radius. Repeat this 
procedure for each of the other inner planets and a selection of 
the asteroids. Which of the inner planets of the solar system is 
the largest? 

d) From your observations, what is a major distinguishing feature 
between planets and asteroids? 

2. Use the Starry Night College ™ program to explore the outer solar 
system. Select Favourites > Investigating Astronomy > Outer Solar 
System. This view, from a point in space about 62 AU above the 
North Pole of the Sun, shows the orbits of the Jovian planets. 

a) As seen from this location, do the planets revolve around the 
Sun in a clockwise or anti-clockwise direction? 

b) Do the outer/Jovian planets revolve in the same or opposite 
direction as the inner/terrestrial planets? 

c) Click the Stop button. Right-click (Ctrl-click on a Mac) over 
Jupiter to display a contextual menu and select Show Info. 

After the Info pane opens, expand the Other Data layer and 
make a note of the planet’s radius. Repeat this procedure for 
each of the other outer planets. Which of the outer planets of 
the solar system is the smallest? 

d) From your observations, what is a major distinguishing feature 
between the Jovian planets and the terrestrial planets you 
explored in the previous question? 

3. Use the Starry Night College™ program to explore some of the 
dwarf planets of the solar system. Select Favourites > Investigating 
Astronomy > Dwarf Planets. This view, from a position in space 
about 97 AU from the Sun, shows Neptune’s orbit as well as the 
orbits of several dwarf planets. 

a) Do the dwarf planets revolve about the Sun in the same or 
opposite direction as the major planets? 

b) Hold down the Shift key on the keyboard and click and drag 
the mouse so that the plane of Neptune’s orbit appears edge on 
in the view. How do the orbital planes of the dwarf planets 
compare to those of the planets? 
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4. Use the Starry Night College™ program to examine stars that have 
planets. Select Favourites > Investigating Astronomy > Extrasolar 
Planets from Space. In the star map that appears, each circled star 
has one or more planets. This is the view of nearby space, about 90 
light years from Earth. You can zoom in and out using the buttons 
at the right side of the toolbar and also the elevation buttons to the 
left of the Home button in the toolbar. Right-click (Ctrl-click on a 
Mac) on a circled star and select Show Info from the contextual 
menu to learn more about the star’s properties. Note that the 
information given for each star under the Other Data layer 
includes the apparent magnitude, which is a measure of how 
bright each star appears as seen from Earth. Apparent magnitude 
uses a “backwards” scale: The greater the apparent magnitude, 

the dimmer the star. Most of the brighter stars you can see 
with the naked eye from the Earth have apparent magnitudes 
between 0 and 1, while the dimmest star you can see from a 
dark location has apparent magnitude 6. Are most of the circled 
stars visible to the naked eye? List at least two stars that are visible 
to the naked eye from Earth, and include their apparent 
magnitudes. 

5. Use the Starry Night College™ program to investigate stars that have 
planets orbiting them. First click the Home button in the toolbar. 
Open the Options pane and use the checkboxes in the Local View 
layer to turn off Daylight and the Local Horizon. Then use the Find 
pane to find and center each of the following stars: 47 Ursae Majoris, 
51 Pegasi, 70 Virginis, and Rho Coronae Borealis. To do this, click 
the magnifying glass icon on the left side of the edit box at the top of 
the Find pane and select Star from the drop-down menu; then type 
the name of the star in the edit box and press the Enter or Return key 
on the keyboard. Click on the Info tab for full information about the 
star. Expand the Other Data layer and note the luminosity of each of 
these stars. 

a) Which stars are more luminous than the Sun? 

b) Which are less luminous? 

c) How do you think these differences would have affected 
temperatures in the nebula in which each star’s planets formed? 

Answers 

ConceptChecks 

ConceptCheck 4-1: Our solar system contains only one star, the Sun. The 
other stars are far, far away. 

ConceptCheck 4-2: Mars is classified as an inner planet, even though it is 
farther from the Sun than is Earth. This is because the Earthlike planets all 
orbit very close to the Sun (within 2 AU), while the outer planets (Jupiter, 
Saturn, Uranus, and Neptune) all lie much farther (more than 5 AU) from 
the Sun. 

ConceptCheck 4-3: If a planet’s overall density is the same as the density 
of rocks at its surface, one can infer that the rocks deep in its core must be 
the same density as the rocks found at its surface. 

ConceptCheck 4-4: Table 4-2 lists four having diameters greater than 3476 
km: Io, Ganymede, Callisto, and Titan. 

ConceptCheck 4-5: Before sunlight is reflected off of a planet, the incoming 
sunlight must interact with the chemical elements in the planet’s atmo¬ 
sphere, altering it in predictable and important ways, that allow 


astronomers to make inferences about what chemical elements are present 
in the planet’s atmosphere. 

ConceptCheck 4-6: The spectrum of a solid surface shows broad features 
whereas the spectrum observed from light passing through a gas shows 
sharp, definite spectral lines. 

ConceptCheck 4-7: Jupiterlike planets are composed of mostly gases and 
ices of hydrogen and helium, which would normally not seem to be able to 
combine together to form a planet very close to a hot star. One plausible 
explanation for recently discovered Jupiterlike planets that are found orbit¬ 
ing nearby stars in the high-temperature region is that these planets formed 
far from the star and somehow moved to an orbit close to the star after the 
planet formed. 

ConceptCheck 4-8: Ceres has a diameter of about 900 km. This is about 
the same size as a large U.S. state, such as the length of California. 

ConceptCheck 4-9: Because broad categories overlap due to the history of 
how and when objects were first discovered, Pluto is classified as a dwarf 
planet, a Kuiper-belt object, and a trans-Neptunian object; it is not, however, 
an asteroid. 

ConceptCheck 4-10: Whereas the Kuiper belt lies in the same plane as 
Earth’s orbit around the Sun, the Oort cloud is a spherical distribution of 
comets that completely surrounds the solar system. If a comet has an orbit 
that is considerably different from that of the flat plane of the solar system, 
it most likely originated in the spherical Oort cloud that exists in all direc¬ 
tions around our solar system. 

ConceptCheck 4-11: The chemical element of carbon that makes up much 
of our human bodies and the living plants all around us and the very oxygen 
atoms we breathe were made inside a star that no longer exists. 

ConceptCheck 4-12: To be correct, the nebular hypothesis must explain 
why all the planets orbit the Sun in the same direction and in nearly the 
same plane. This arrangement is unlikely to have arisen purely by chance. 

ConceptCheck 4-13: The closest a large, Jupiterlike planet composed pri¬ 
marily of hydrogen and helium could form would be much farther away in 
a much hotter solar nebula. 

ConceptCheck 4-14: Called chemical differentiation, denser, iron-rich ma¬ 
terials migrate to the centers of the planets while the less dense silicon-rich 
minerals float to the outside surface before the initially molten planet solidi¬ 
fied in the early solar system. 

ConceptCheck 4-15: Neptune and Uranus are more than twice as far from 
the Sun than Saturn and in the early solar nebula, there would have been 
far too little material for them to collect and build a planet. 

ConceptCheck 4-16: Jupiterlike planets could form from the early solar 
nebula if there were sufficiently large masses of material in the same place 
that could gravitationally collapse into Jupiterlike planets on their own, 
wherever they happened to be located. 

ConceptCheck 4-17: Jets from the Sun, a T Tauri wind, and accretion onto 
the planets are the processes that characterize the final stages of solar system 
evolution. 

ConceptCheck 4-18: An extrasolar planet with an orbit that causes a star 
to wobble side to side will not exhibit any Doppler shifted spectra as seen 
from Earth because the star will not be moving alternatively toward and 
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away from Earth, and therefore the radial velocity method will fail to detect 
such an orbiting extrasolar planet. 

CalculationChecks 

CalculationCheck 4-1: The shape of a planet’s orbit is given by the value 
of its eccentricity. The closer this value is to zero, the closer the orbit’s shape 
is to that of a perfect circle. According to the table, the orbit of Venus has 
the eccentricity closest to zero (0.007), making it the most circle-like of all 
planetary orbits. 

CalculationCheck 4-2: If we divide Saturn’s 120,536 km diameter up into 
Earth’s 12,756 km diameter, we find that 120,536 km -r- 12,756 km = 
9.449, so about 9Vi Earth’s would fit across Saturn’s diameter. 


CalculationCheck 4-3: The asteroid belt is located between Mars and Ju¬ 
piter at about 3 AU from the Sun, whereas the much larger Kuiper belt is 
beyond the orbit of Neptune and is located between about 30 and 50 AU 
from the Sun. 

CalculationCheck 4-4: Earth orbits our Sun with an orbital semimajor axis 
of 1 astronomical unit (AU), and much more than 50% of the planets shown 
in the figure have semimajor axes of much less than 1 AU and orbit much 
closer to their star than Earth orbits around our Sun. 
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V U X G The two hemispheres of Earth. (NASA) 


Uncovering Earth’s 

Systems 


W hen astronauts made the first journeys from Earth to the Moon, 
between 1968 and 1972, they often reported that our planet is the 
most beautiful sight visible from space. Of all the worlds of the 
solar system, only Earth has the distinctive green color of vegetation, and only 
Earth has liquid water on its surface. Compared with the Moon, whose 
lifeless, dry surface has been ravaged by billions of years of impacts by inter¬ 
planetary debris, Earth seems an inviting and tranquil place. 

Yet the appearance of tranquility is deceiving. The seemingly solid sur¬ 
face of the planet is in a state of slow but constant motion, driven by the 
flow of molten rock within Earth’s interior. Sunlight provides Earth’s atmo¬ 
sphere, the thin layer of gas surrounding our planet, with the energy that 
drives our planet’s sometimes violent weather. 

Unseen in these images is an immense collection of subatomic particles 
that wanders around the outside of the planet in two giant belts, held in 
place by Earth’s magnetic field. And equally unseen are trace gases in Earth’s 
atmosphere whose abundances may determine the future of our climate, 
and on which may depend the survival of entire species, humans 
included. 

In this chapter our goal is to learn about Earth’s systems—its hot, 
active interior, its ever-changing surface, and its dynamic atmosphere—and 
how we interact with these systems as stewards of our planetary home. 


Understanding Earth makes it easier to understand the similarities and 
differences of other planets in our solar system, the subjects of the next 
two chapters. 


(JO Earth's layered interior is revealed 
by the study of earthquakes 


£ ^o Rf/ V ^ Looking out the window, you might wonder if 

our Earth looks more or less the same today as 
it always has. Trees and buildings come and go, 
but what about major landforms such as mountains and oceans? 
And if something as massive as a mountain could change, what 
force of nature is strong enough to accomplish such a task? Our 
Earth is full of energy. Some of that energy is left over from the force 
of impacts in the early formation of our planet, a time when our 
planet was completely molten. But the majority of Earth’s internal 
energy comes from radioactive decay of elements such as ura¬ 
nium, thorium, and potassium deep inside Earth. This energy drives 


Key Ideas 


BY READING THE SECTIONS OF THIS CHAPTER, YOU WILL LEARN 


( Earth’s layered interior is revealed by the study of earthquakes 
r .^1 Earth’s surface changes because it is constantly moving 

( m Earth’s magnetic field protects life from the Sun's subatomic 
particles 


(Z» Earth’s atmosphere has a multilayered structure that has 
changed with time 

flgj A rapidly growing human population is altering our planetary 
habitat 
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Figure 5-1 R I V U X G 

The Earth’s Dynamic Surface These tan-colored ridges, or hogbacks, in Colorado’s Rocky 
Mountains were once layers of sediment at the bottom of an ancient body of water. 

Forces within the Earth folded this terrain and rotated the layers into a vertical orientation. 
The layers were revealed when wind and rain eroded away the surrounding material. 

(Tom TiH/DRK) 

geologic activity that profoundly affects Earth’s surface (Figure 5-1). 
How do we actually know what’s at the center of Earth? Surpris¬ 
ingly, our search starts with the rocks just under our feet. 

Three Types of Rocks 

Understanding what lies inside Earth starts with investigating what 
we find on Earth’s solid surface. Most of the chemical elements 
found on Earth’s surface are in the form of rocks, most typically 
organized into one of three major categories (Figure 5-2). Igneous 


rocks form when minerals cool from a molten state. (Molten rock 
is called magma when it is buried below the surface and lava when 
it flows out upon the surface, as in a volcanic eruption.) The ocean 
floor is made predominantly of a type of igneous rock, called basalt, 
produced by material in the form of magma welling up from inside 
Earth (Figure 5-2a). 

Some rocks are by-products of erosion, the action of wind, 
water, or ice that loosens rock or soil and moves it downhill or 
downstream. For example, winds can pile up layer upon layer of 
sand grains. Other materials present amid the sand can gradually 
cement the grains together to produce sandstone (Figure 5-2b). 
Minerals that precipitate out of the oceans can cover the ocean floor 
with layers of rock called limestone. Rocks cemented together from 
eroded materials are sedimentary rocks. 

Sometimes igneous or sedimentary rocks become buried far 
beneath the surface, where they are subjected to enormous pressure 
and high temperature. These severe conditions change the structure 
of the rocks, producing metamorphic rock (Figure 5-2c). The pres¬ 
ence of metamorphic rocks at Earth’s surface tells us that Earth’s 
geologic processes are dramatic enough to lift up to the surface 
material from deep within the crust. 

(ConceptCheck 5-1: ) How might a rock, initially created by the 
solidification of volcanic magma and altered by intense temperature 
and pressure within Earth, become a sedimentary rock? 

Answer appears at the end of the chapter. 

An Iron-Rich Planet 

The specific kinds of rocks found on and near Earth’s surface pro¬ 
vide important clues to our planet’s interior. The densities of typical 
surface rocks are around 3000 kg/m 3 , but the average density of 
Earth as a whole is 5515 kg/m 3 . (As you saw in Chapter 4, average 
density is total mass divided by total volume.) The interior of Earth 
must therefore be composed of substances much denser than those 
found near the surface. But what is this substance? Why is Earth’s 
interior more dense than its crust? And is Earth’s interior solid like 
rock or molten like magma? 




(a) Igneous rock (basalt) (b) Sedimentary rock (sandstone) 


(c) Metamorphic rocks (marble, schist) 


Figure 5-2 R I V U X G 

Igneous, Sedimentary, and Metamorphic Rocks(a) Igneous rocks such as basalt are created 
when molten materials solidify. This example contains iron-rich minerals that give it its dark 
color, (b) Sedimentary rocks such as sandstone are typically formed when loose particles of 
soil or sand are fused into rock by the presence of other minerals, which act as a cement. 


(c) Metamorphic rocks are produced when igneous or sedimentary rocks are subjected to 
high temperatures and pressures deep within the Earths crust. Marble (left) is formed from 
sedimentary limestone; schist (right) is formed from igneous rock. (W. J. Kaufmann III; 
specimens courtesy Mineral Museum, California Division of Mines) 
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Atomic number 


Figure 5-3 

Abundances of the Lighter Elements This graph shows the abundances in our part of the 
galaxy of the 30 lightest elements (listed in order of increasing atomic number) compared 
to a value of 10 for hydrogen. The inset lists the 10 most abundant of these elements, 

Iron (chemical symbol Fe) is a good candidate for the substance 
that makes up most of Earth’s interior for two reasons. First, iron 
atoms are quite massive (a typical iron atom has 56 times the mass 
of a hydrogen atom), and second, iron is relatively abundant. Figure 
5-3 shows that it is the seventh most abundant element in our part 
of the Milky Way Galaxy. Other elements such as lead and ura¬ 
nium have more massive atoms, but these elements are quite rare 
(they would be ranked 82nd and 92nd, respectively, if Figure 5-3 
was extended to the right). Hence, the solar nebula could not have 
had enough of these massive atoms to create Earth’s dense interior. 


which are also indicated in the graph. Notice that the vertical scale is not linear; each 
division on the scale corresponds to a tenfold increase in abundance. All elements heavier 
than zinc (Zn) have abundances of fewer than 1000 atoms per 10 atoms of hydrogen. 

Furthermore, iron is common in meteoroids that strike Earth, which 
suggests that it was abundant in the planetesimals from which Earth 
formed. 

Earth was almost certainly molten soon after its formation, 
about 4.56 X 10 9 years ago. Energy released by the violent impacts 
of numerous meteoroids and asteroids and by the decay of radioac¬ 
tive isotopes likely melted the solid material collected from the 
earlier planetesimals. Gravity caused abundant, dense iron to sink 
toward Earth’s center, forcing less dense material to the surface. 
Figure 5-4 a shows this process of differentiation. This is the same 



(a) During differentiation, iron sank to the 
center and less dense material floated 
upward 


(b) As a result of differentiation, Earth has 
the layered structure that we see today 


Figure 5-4 

Chemical Differentiation and the Earths Internal 
Structure (a) The newly formed Earth was molten 
throughout its volume. Dense materials such as iron (shown 
in orange) sank toward the center, while low-density 
materials (shown in blue) rose toward the surface, (b) The 
present-day Earth is no longer completely molten inside. 

A dense, solid iron core is surrounded by a less dense 
liquid core and an even less dense mantle. The crust, which 
includes the continents and ocean floors, is the least dense 
of all; it floats atop the mantle like the skin that forms on 
the surface of a cooling cup of cocoa. 
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process that happens when Italian salad dressing separates into 
various layers when left undisturbed for a time. In much the same 
way, we end up with a planet with the layered structure shown in 
Figure 5-4b —a central core composed of almost pure iron, sur¬ 
rounded by a mantle of dense, iron-rich minerals. The mantle, in 
turn, is surrounded by a thin crust of relatively light silicon-rich 
minerals. We live on the surface of this crust. 

(ConceptCheck 5-2:) If a new, Earth-sized planet was discovered 
that had surface rocks nearly identical to Earth but a much lower 
average density, what might a scientist assume about iron in its interior? 

Answer appears at the end of the chapter. 

Earthquake Waves as Earth Probes 

How might we confirm that our Earth does in fact have a layered 
structure? The challenge in directly testing this notion is that Earth’s 
interior is inaccessible. The deepest wells go down only a few kilo¬ 
meters, barely penetrating the surface of our planet. Despite these 
difficulties, geologists have learned basic properties of Earth’s inte¬ 
rior by studying earthquakes and the waves they produce. 

Over the centuries, stresses build up in Earth’s crust. Occa¬ 
sionally, these stresses are relieved with a sudden motion called 
an earthquake. Most earthquakes occur deep within Earth’s crust. 
Earthquakes release energy in the form of at least three different 
kinds of earthquake waves, which travel around or through Earth 
in different ways and at different speeds. The first type of wave, 
which is analogous to water waves on the ocean, causes the rolling 
motion that people feel near the source of an earthquake. These are 
called surface waves because they travel only over Earth’s surface. 
The two other kinds of waves, called P waves (for “primary”) and 
S waves (for “secondary”), travel through the interior of Earth. P 
waves are called longitudinal waves because their oscillations are 
parallel to the direction of wave motion, like a spring that is alter¬ 
nately pushed and pulled. In contrast, S waves are called transverse 
waves because their vibrations are perpendicular to the direction in 
which the waves move. S waves are analogous to waves produced 
by a person shaking a rope up and down (Figure 5-5). 

What makes earthquake waves useful for learning about Earth’s 
interior is that they do not travel in straight lines. Instead, the paths 
that they follow through the body of Earth are bent because of the 
varying density and composition of Earth’s interior. Just as light 
waves bend when they pass from air into glass or vice versa, earth¬ 
quake waves bend as they pass through different parts of Earth’s 
interior. By studying how the paths of these waves bend, geologists 
can map out the general interior structure of Earth. 

One key observation about earthquake waves and how they 
bend has to do with the differences between S and P waves. When 
an earthquake occurs, both S and P waves are observed near the 
center of the earthquake, but geologists on the opposite side of 
Earth observe only P waves. The absence of S waves was first ex¬ 
plained in 1906 by the British geologist Richard Dixon Oldham, 
who noted that transverse vibrations such as S waves cannot travel 
far through liquids. Oldham therefore concluded that our planet has 
a molten core. Furthermore, there is a region in which neither S 
waves nor P waves from an earthquake can be detected (Figure 5-6). 
This “shadow zone” results from the specific way in which P waves 



through the body of our planet. One kind, called P waves, are longitudinal waves. They 
are analogous to those produced by pushing a spring in and out. The other kind, 

S waves, are transverse waves analogous to the waves produced by shaking a rope up 
and down. 


S and P waves 
P waves only 



Only P waves 
reach here. 


Figure 5-6 

The Earth’s Internal Structure and the Paths of Seismic Waves Seismic waves follow 
curved paths because of differences in the density and composition of the material in the 
Earths interior. The paths curve gradually where there are gradual changes in density and 
composition. Sharp bends occur only where there is an abrupt change from one kind of 
material to another, such as at the boundary between the outer core and the mantle. Only 
P waves can pass through the Earths liquid outer core. 
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are refracted at the boundary between the solid mantle and the 
molten core. By measuring the size of the shadow zone, geologists 
have concluded that the radius of the molten core is about 3500 km 
(2200 mi), about 55% of our planet’s overall radius but about dou¬ 
ble the radius of the Moon (1738 km = 1080 mi). In 1936, the 
Danish geologist Inge Lehmann explained that the rare P wave that 
did successfully pass through Earth is deflected into the shadow 
zone by a small, solid inner core at the center of our planet. The 
radius of this inner core is about 1300 km (800 mi). 

(ConceptCheck 5-3:3 what would have changed about Earth’s 
interior if S waves from earthquakes suddenly started being observed 
on the side of Earth opposite an earthquake? 

Answer appears at the end of the chapter. 

Earth's Major Layers 

The earthquake evidence reveals that our planet has a curious in¬ 
ternal structure—a liquid outer core sandwiched between a solid 
inner core and a mostly solid mantle. Table 5-1 summarizes this 
structure. To understand this arrangement, we must look at how 
temperature and pressure inside Earth affect the melting point of 
rock. 

Both temperature and pressure increase with increasing depth 
below Earth’s surface. The temperature of Earth’s interior rises 
steadily from about 14°C on the surface to nearly 5000°C at our 
planet’s center (Figure 5-7). 

Earth’s outermost layer, the crust, is only about 5 to 35 km 
thick. It is composed of rocks with a melting temperature far higher 
than the temperatures actually found in the crust. Thus, the crust is 
solid. 

Earth’s mantle, which extends to a depth of about 2900 km 
(1800 mi), is largely composed of substances rich in iron and mag¬ 
nesium. On Earth’s surface, specimens of these substances will melt 
at slightly over 1000°C. However, the temperature at which rock 
melts depends on the pressure to which it is subjected—the higher 
the pressure, the higher the melting temperature. As Figure 5-7 
shows, the actual temperatures throughout most of the mantle are 
less than the melting temperature of all the substances of which the 
mantle is made. Hence, the mantle is primarily solid. However, 
the upper levels of the mantle—called the asthenosphere (from the 
Greek asthenia, meaning “weakness”)—are able to flow slowly and 
are therefore often referred to as being somewhat “plastic.” 

CAUTION It may seem strange to think of a plastic material as one 
that is able to flow. Normally, we think of plastic objects as being 
hard and solid, like the plastic out of which compact discs and soft 


The crust is solid 


The asthenosphere is plastic 
(able to flow slowly) 



Temperature (C) 


Figure 5-7 

Temperature and Melting Point of Rock Inside the Earth The temperature (yellow curve) 
rises steadily from the Earths surface to its center. The melting point of the Earths material 
(red curve) is also shown on this graph. Where the temperature is below the melting point, as 
in the mantle and inner core, the material is solid; where the temperature is above the melting 
point, as in the outer core, the material is liquid. (Adapted from T. Grotzinger, T. H. Jordan, 
F. Press, and R. Siever, Understanding Earth, 5th ed., W. H. Freeman, 2007) 


drink bottles are made. But to make these objects, the plastic mate¬ 
rial is heated so that it can flow into a mold, then cooled so that it 
solidifies. Strictly, the material is only “plastic” when it is able to 
flow. Maple syrup and tree sap are two other substances that flow 
at warm temperatures but become solid when cooled. 


^TABLE 5-1 

The Earth's Internal Structure 

Region 


Depth below surface (km) 

Distance from center (km) 

Average density (kg/m 2 ) 

Crust (solid) 


0-5 (under oceans), 0-35 (under continents) 

6343-6378 

3500 

Mantle (plastic, solid) 

from bottom of crust to 2900 

3500-6343 

3500-5500 

Outer core (liquid) 

2900-5100 

1300-3500 

10,000-12,000 

Inner core (solid) 

5100-6400 

0-1300 

13,000 
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At the boundary between the mantle and the outer core, there 
is an abrupt change in chemical composition, from silicon-rich ma¬ 
terials to almost-pure iron with a small mix of nickel. Because this 
nearly pure iron has a lower melting point than the iron-rich materi¬ 
als, the melting curve in Figure 5-7 has a “jog” as it crosses from 
the mantle to the outer core and remains. As a result, the tempera¬ 
ture at which rocks melt here is less somewhat than the temperature 
at depths of about 2900 to 5100 km (1800 to 3200 mi), and the 
outer core is liquid. 

At depths greater than about 5100 km, the pressure is more 
than 10 6 times ordinary atmospheric pressure, or about 10 4 tons 
per square inch. Because the melting temperature of the iron-nickel 
mixture under this pressure is higher than the actual temperature 
(see Figure 5-7), Earth’s inner core is solid. 

Heat naturally flows from where the temperature is high to 
where it is low. Figure 5-7 thus explains why there is a heat flow 
from the center of Earth outward. We will see in the next section 
how this heat flow acts as the “engine” that powers our planet’s 
geologic activity. 

(ConceptCheck 5-4:} How would the temperature at which rocks 
melt be different inside a much larger and denser planet where the 
internal pressure is higher? 

Answer appears at the end of the chapter. 


Earth's surface changes because it is 
constantly moving 

When looking at the shape of the ocean between the continents of 
Africa and South America (Figure 5-8), one naturally wonders if 
the two continents were closer together in the past. What evidence 
would you need to be convinced that the two were at one time 
closer together and that the continents are still moving? What 
would you think if there were similar fossils on both sides of the 
Atlantic? What would you think if you could take GPS satellite 
measurements and see the two moving apart? Indeed, this is exactly 
what we observe—the Atlantic Ocean is widening. 

Close inspection of Earth’s landforms, both above and beneath 
the ocean, reveal that Earth’s crust is divided into huge plates 
whose motions produce earthquakes, volcanoes, mountain ranges, 
and oceanic trenches. This picture of Earth’s crust, now known 
as plate tectonics (from the Greek tekton, meaning “builder”), 
has come to be the central unifying theory of geology, much as 
the theory of evolution has become the centerpiece of modern 
biology. 

Plate Tectonics 

Based on the apparent fit of the continents, the German meteorolo¬ 
gist Alfred Wegener advocated “continental drift”—the idea that 
the continents on either side of the Atlantic Ocean have simply 
drifted apart. In 1915 he published the theory that there had origi¬ 
nally been a single gigantic supercontinent, which he called Pangaea 
(meaning “all lands”). Based on how fast South America and Africa 



Figure 5-8 

Fitting the Continents Together Africa, Europe, Greenland, North America, and South 
America fit together remarkably well. The fit is especially convincing if the edges of the 
continental shelves (shown in yellow) are used, rather than today’s shorelines. This strongly 
suggests that these continents were in fact joined together at some point in the past. 
(Adapted from P. M. Hurley) 


are separating today, this separation probably began roughly 200 
million years ago, during what geologists refer to as the early Juras¬ 
sic period, when dinosaurs dominated the land. 

Over time, geologists have refined this theory, arguing that 
Pangaea must have first split into two smaller supercontinents, 
which they called Laurasia and Gondwana, separated by what they 
called the Tethys Ocean. Gondwana later split into Africa and South 
America, with Laurasia dividing to become North America and 
Eurasia. According to this theory, the Mediterranean Sea is a surviv¬ 
ing remnant of the ancient Tethys Ocean (Figure 5-9). 

The actual mechanism that was driving the continents’ motions 
wasn’t evident until the mid-1950s, when geologists discovered that 
material is being forced upward to the crust from deep within Earth. 
Bruce C. Heezen of Columbia University and his colleagues began 
discovering long mountain ranges on the ocean floors, such as the 
Mid-Atlantic Ridge, which stretches all the way from Iceland to 
Antarctica (Figure 5-10). During the 1960s, Harry Hess of Princeton 
University and Robert Dietz of the University of California carefully 
examined the floor of the Atlantic Ocean. They concluded that rock 
from Earth’s mantle is being melted and then forced upward along 
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(a) 237 million years ago: 

the supercontinent Pangaea (b) 152 million years ago: the breakup of Pangaea (c) The continents today 
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Figure 5-9 

The Breakup of the Supercontinent Pangaea (a) The shapes of the continents led Alfred 
Wegener to conclude that more than 200 million (2 X 10 8 ) years ago, the continents were 
merged into a single supercontinent, which he called Pangaea, (b) Pangaea first split into 
two smaller land masses, Laurasia and Gondwana. (c) Over millions of years, the continents 


moved to their present-day locations. Among the evidence confirming this picture are nearly 
identical rock formations 200 million years in age that today are thousands of kilometers 
apart but would have been side by side on Pangaea. (Adapted from F. Press, R. Siever, 

T. Grotzinger, and T. H. Jordan, Understanding Earth, 4th ed., W. H. Freeman, 2004) 


the Mid-Atlantic Ridge, which is in essence a long chain of under¬ 
water volcanoes. 

The upwelling of new material from the mantle to the crust 
forces the existing crust to separate, causing seafloor spreading. For 
example, the floor of the Atlantic Ocean to the east of the Mid- 
Atlantic Ridge is moving eastward and the floor to the west is 
moving westward. By explaining what fills in the gap between con¬ 
tinents as they move apart, seafloor spreading helps to fill out the 



Figure 5-10 

The Mid-Atlantic Ridge This artist’s rendition shows the Mid-Atlantic Ridge, an immense 
mountain ridge that rises up from the floor of the North Atlantic Ocean. It is caused 
by lava seeping up from the Earth’s interior along a rift that extends from Iceland to 
Antarctica. (Courtesy of M. Tharp and B. C. Heezen) 


theories of continental drift. Because of the seafloor spreading from 
the Mid-Atlantic Ridge, South America and Africa are moving apart 
at a speed of roughly 3 cm per year. Working backward, these two 
continents would have been next to each other some 200 million 
years ago (see Figure 5-8). 

ConceptCheck 5-5?) Does seafloor spreading result in an 
underwater mountain range or a deep canyon? 

( CalCUlationCheck 5-1:) If seafloor spreading was occurring at 
only 2 cm per year, how long would it have taken for the Atlantic to 
open to a current width of 600 million (6 X 10 8 ) cm? 

Answers appear at the end of the chapter. 

Convection and Plate Motion 

What makes plates move, anyway? The high temperatures within 
Earth cause energy in the form of heat to flow outward from 
Earth’s hot core to its cool crust. Hot material deep in the Earth is 
less dense than cooler material farther away from the core and 
tends to rise, much the same way heated air in a giant hot air bal¬ 
loon will rise high above Earth’s surface. As hot mantle material 
rises, it transfers heat to its surroundings. As a result, the rising 
material cools and becomes denser. It then sinks downward to be 
heated again, and the process starts over. This up-and-down motion 
is called convection. You can see convection currents in action by 
heating water on a stove. Figure 5-11 shows that convection occurs 
when a fluid is heated from below. The heat that drives convection 
in Earth’s outer layers actually comes from very far below, at the 
boundary between the outer and inner cores. As material deep in 
the liquid core cools and solidifies to join the solid portion of the 
core, it releases the energy needed to heat the overlying mantle and 
cause convection. 

The asthenosphere, or upper level of the mantle, is hot and soft 
enough to permit an oozing, plastic flow. Atop the asthenosphere 
is a rigid layer, called the lithosphere (from the Greek word for 
“rock”). The lithosphere is divided into plates that ride along the 
convection currents of the asthenosphere. The crust is simply the up¬ 
permost layer of the lithosphere, with a somewhat different chemi¬ 
cal composition than the lithosphere’s lower regions. 
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3. ... warms, and 
rises again. 


1. Convection moves hot water 
from the bottom to the top... 


2. ...where it cools, moves 
laterally, sinks,... 


Figure 5-11 

Convection in the Kitchen Heat supplied to the bottom of a pot warms the water there, 
making the water expand and lowering its average density. This low-density water rises and 
transfers heat to its cooler surroundings. The water that began at the bottom thus cools 
down, becomes denser, and sinks back to the bottom to repeat the process. (Adapted 
from F. Press, R. Siever, T. Grotzinger, and T. H. Jordan, Understanding Earth, 4th ed., 
W. H. Freeman, 2004) 


Figure 5-12 shows how convection causes plate movement. 
Molten subsurface rock seeps upward along oceanic rifts, where 
plates are separating. The Mid-Atlantic Ridge, shown in Figure 
5-10, is an oceanic rift and seafloor spreading is occurring there. 
Where plates collide, cool crustal material from one of the plates 
sinks back down into the mantle along a subduction zone. One such 
subduction zone is found along the west coast of South America, 
where the oceanic Nazca plate is being subducted into the mantle 
under the continental South American plate at a relatively speedy 
10 centimeters per year. As the material from the subducted plate 
sinks, it pulls the rest of its plate along with it, thus helping to keep 




the plates in motion. New material is added to the crust from the 
mantle at the oceanic rifts and is “recycled” back into the mantle 
at the subduction zones. In this way the total amount of crust re¬ 
mains essentially the same. 

Geologists today realize that earthquakes, and the vast majority 
of volcanoes, tend to occur at the boundaries of Earth’s crustal plates, 
where the plates are colliding, separating, or rubbing against each 
other. The boundaries of the plates therefore stand out clearly when 
earthquake locations are plotted on a map as in Figure 5-13. 

sbJ ,0 /p The boundaries between plates are the sites 
of some of the most impressive geological ac¬ 
tivity on our planet. Great mountain ranges, 
such as the Sierras and Cascades along the western coast of North 
America and the Andes along South America’s west coast are thrust 
up by ongoing collisions between continental plates and the plates 
of the ocean floor. Subduction zones, where old crust is drawn 
back down into the mantle, are typically the locations of deep oce¬ 
anic trenches, such as the Peru-Chile Trench off the west coast of 
South America. Figure 5-14 and Figure 5-15 show two well-known 
geographic features that resulted from tectonic activity at plate 
boundaries. 



( ConceptCheck 5-6:) What becomes of the material from the 
oceanic crust when it is subducted beneath continental crust? 

Answer appears at the end of the chapter. 


The Cycle of Supercontinents 

Plate tectonic theory offers insight into geology on the largest of 
scales, that of an entire supercontinent. In recent years, geologists 
have uncovered evidence that points to a whole succession of su¬ 
percontinents that once broke apart and then reassembled. Pangaea 
is only the most recent supercontinent in this cycle, which repeats 
about every 500 million (5 X 10 8 ) years. As a result, intense episodes 


Ocean floor 


At a rift between separating 

plates, lava oozes upward and At a subduction zone, 
forms new crust v one elate nushes the 


Where plates colide, deep oceanic 
trenches and mountain ranges are formed 


Continent 



|0| Figure 5-12 


The Mechanism of Plate Tectonics Convection currents in the asthenosphere, 
the soft upper layer of the mantle, are responsible for pushing around rigid, low-density 


crustal plates. New crust forms in oceanic rifts, where lava oozes upward between separating 
plates. Mountain ranges and deep oceanic trenches are formed where plates collide. 
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f fflart S Fi g ure 5 ’ 13 

The Earth’s Major Plates The boundaries of the Earth’s major plates are 
the scenes of violent seismic and geologic activity. Most earthquakes occur where plates 
separate, collide, or rub together. Plate boundaries are therefore easily identified simply 


by plotting earthquake epicenters (shown here as dots) on a map. The colors of the dots 
indicate the depths at which the earthquakes originate. (Data from Harvard CMT 
catalog; plot by A/I. Boettcher and T. Jordan.) 




The Himalayas are formed by the 
collision of the Australia-India 
plate (on the left) and the 
Eurasian plate (on the right) 


Himalayas 




Figure 5-14 R I V U X G 

The Separation of Two Plates The plates that carry Africa and Arabia are 
moving apart, leaving a great rift that has been flooded to form the Red Sea. This view from 
orbit shows the northern Red Sea, which splits into the Gulf of Suez and the Gulf of Aqaba. 
(Gemini 12, NASA) 


" “ ; Figure 5-15 R I V U X G 

The Collision of Two Plates The plates that carry India and China are 
colliding. Instead of one plate being subducted beneath the other, both plates are pushed 
upward, forming the Himalayas. Mount Everest is one of the snow-covered peaks near the 
center of this photograph taken from orbit. (Apollo 7, NASA) 
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of mountain building have occurred at roughly 500-million-year 
intervals. 

Apparently, a supercontinent sows the seeds of its own destruc¬ 
tion because it blocks the flow of heat from Earth’s interior. As 
soon as a supercontinent forms, temperatures beneath it rise, much 
as they do under a book lying on an electric blanket. As heat ac¬ 
cumulates, the lithosphere domes upward and cracks. Molten rock 
from the overheated asthenosphere wells up to fill the resulting 
fractures, which continue to widen as pieces of the fragmenting 
supercontinent move apart. 

It can take a very long time for the heat trapped under a super¬ 
continent to escape. Although Pangaea broke apart some 200 mil¬ 
lion years ago (see Figure 5-9), the mantle under its former location 
is still hot and still trying to rise upward. As a result, Africa—which 
lies close to the center of this mass of rising material—sits several 
tens of meters higher than the other continents. 

The changes wrought by plate tectonics are very slow on the 
scale of a human lifetime, but they are very rapid in comparison 
with the age of Earth. For example, the period over which Pangaea 
broke into Laurasia and Gondwana was only about 0.4% of Earth’s 
age of 4.56 X 10 9 years. (To put this in perspective, 0.4% of an 
average human lifetime is about 4 months.) The lesson of plate 
tectonics is that the seemingly permanent face of Earth is in fact 
dynamic and ever-changing. 

ConceptCheck 5-7: What causes a supercontinent to break apart? 



(a) 

Figure 5-16 

The Magnetic Fields of a Bar Magnet and of the Earth (a) This picture was made by 
placing a piece of paper on top of a bar magnet, then spreading iron filings on the paper. 
The pattern of the filings show the magnetic field lines, which appear to stream from 
one of the magnet’s poles to the other, (b) The Earth’s magnetic field lines have a similar 
pattern. Although the Earth’s field is produced in a different way-by electric currents 


CalCUlationCheck 5-2:) If supercontinents are formed and break 
up in a 500-million-year cycle, about how many supercontinents could 
come and go over Earth’s roughly 5-billion-year existence? 

Answers appear at the end of the chapter. 

(@B Earth's magnetic field protects life 
from the Sun's subatomic particles 

The extent of a planet’s dynamic resurfacing due to plate tectonics 
provides indirect evidence about whether it still has a molten inte¬ 
rior. But another, more direct tool for probing the interior of Earth 
is an ordinary compass, which senses the magnetic field outside our 
planet. Magnetic field measurements prove to be an extremely pow¬ 
erful way to investigate the internal structure of a world without 
having to actually dig into its interior. To illustrate how this works, 
consider the behavior of a compass on Earth. 

Source of Earth's Magnetic Field 

The needle of a compass on Earth points north because it aligns with 
Earth’s magnetic field. Such fields arise whenever electrically charged 
particles are in motion. For example, a loop of wire carrying an 
electric current generates a magnetic field in the space around it. The 
magnetic field that surrounds an ordinary bar magnet (Figure 5-1 6a) 


Rotation axis 



(b) 

in the liquid portion of our planet’s interior-the field is much the same as if there were 
a giant bar magnet inside the Earth. This “bar magnet” is not exactly aligned with the 
Earth’s rotation axis, which is why the magnetic north and south poles are not at the same 
locations as the true, or geographic, poles. A compass needle points toward the north 
magnetic pole, not the true north pole, (a: Jules Bucher/Photo Researchers) 
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is created by the motions of negatively charged electrons within the 
iron atoms of which the magnet is made. Earth’s magnetic field is 
similar to that of a bar magnet, as Figure 5-1 6b shows. The consen¬ 
sus among geologists is that this magnetic field is caused by the mo¬ 
tion of the liquid portions of Earth’s interior. Because this molten 
material (mostly iron) conducts electricity, these motions give rise to 
electric currents, which in turn produce Earth’s magnetic field. Our 
planet’s rotation helps to sustain these motions and hence the mag¬ 
netic field. This process for producing a magnetic field is called a 
dynamo. 

Studies of ancient rocks reinforce the idea that our planet’s 
magnetism is due to fluid material in motion (for more information 
on the origin of the Earth’s magnetic field, see Looking Deeper 5.1). 
When iron-bearing lava cools and solidifies to form igneous rock, 
it becomes magnetized in the direction of Earth’s magnetic field. 
By analyzing samples of igneous rock of different ages from around 
the world, geologists have found that Earth’s magnetic field actually 
flips over and reverses direction on an irregular schedule rang¬ 
ing from tens of thousands to hundreds of thousands of years. 
As an example, lava that solidified 30,000 years ago is magnetized 
in the opposite direction to lava that has solidified recently. There¬ 
fore, 30,000 years ago a compass needle would have pointed south, 
not north! If Earth were a permanent magnet, like the small mag¬ 
nets used to attach notes to refrigerators, it would be hard to imag¬ 
ine how its magnetic field could spontaneously reverse direction. 
But computer simulations show that fields produced by moving 
fluids in Earth’s outer core do indeed change direction from time 
to time. 

( ConceptCheck 5-8: ) If Earth’s iron-rich core solidified, would a 
magnetic compass still point north? 

Answer appears at the end of the chapter. 

The Magnetosphere 

Is the magnetic field useful for anything other than helping Earth’s 
inhabitants determine direction using a compass? As it turns out, 
Earth’s magnetic field has important effects far above Earth’s sur¬ 
face, where it interacts dramatically with charged particles from the 
Sun, a flow of mostly protons and electrons, known as the solar 


wind, that streams constantly outward from the Sun’s upper atmo¬ 
sphere. Near Earth, the particles in the solar wind move at speeds 
of roughly 450 km/s, or about a million miles per hour, considerably 
faster than sound waves can travel in the very thin gas between the 
planets, so the solar wind is said to be supersonic. (Because the gas 
between the planets is so thin, interplanetary sound waves carry too 
little energy to be heard by astronauts.) 

If Earth had no magnetic field, it would be continually bom¬ 
barded by this solar wind of charged particles. But our planet does 
have a magnetic field, and the forces that this field can exert on 
charged particles are strong enough to deflect them away from us. 
The region of space around a planet in which the motion of charged 
particles is dominated by the planet’s magnetic field is called the 
planet’s magnetosphere. Figure 5-17 is a scale drawing of Earth’s 
magnetosphere, which was discovered in the late 1950s by the first 
satellites placed in orbit. 

When the supersonic particles in the solar wind first encoun¬ 
ter Earth’s magnetic field, they abruptly slow to subsonic speeds. 
Still closer to Earth lies a boundary, called the magnetopause, 
where the outward magnetic pressure of Earth’s field is exactly 
counterbalanced by the impinging pressure of the solar wind. Most 
of the particles of the solar wind are deflected around the mag¬ 
netopause, just as water is deflected to either side of the bow of 
a ship. 

Some charged particles of the solar wind manage to leak 
through the magnetopause. When they do, they are trapped by 
Earth’s magnetic field in two huge, doughnut-shaped rings around 
Earth called the Van Allen belts. These belts were discovered in 
1958 during the flight of the first successful U.S. Earth-orbiting 
satellite. They are named after the physicist James Van Allen, who 
insisted that the satellite carry a Geiger counter to detect charged 
particles. The inner Van Allen belt, which extends over altitudes 
of about 2000 to 5000 km, contains mostly protons. The outer 
Van Allen belt, about 6000 km thick, is centered at an altitude 
of about 16,000 km above Earth’s surface and contains mostly 
electrons. 

( ConceptCheck 5-9:3 Does Earth’s magnetosphere capture or 
deflect away particles in the Sun’s solar wind? 

Answer appears at the end of the chapter. 



owe 

Figure 5-17 

The Earth’s Magnetosphere The Earths 
magnetic field carves out a cavity in the solar wind, shown 
here in cross section. A shock wave marks the boundary 
where the supersonic solar wind is abruptly slowed to 
subsonic speeds. Most of the particles of the solar wind are 
deflected around the Earth in a turbulent region (colored 
blue in this drawing). The Earth’s magnetic field also traps 
some charged particles in two huge, doughnut-shaped rings 
called the Van Allen belts (shown in red). This figure shows 
only a cross section of the Van Allen belts. 
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Figure 5-18 

The Aurora An increased flow of charged particles from the Sun can overload 
the Van Allen belts and cascade toward the Earth, producing aurorae, (a) This false- 
color ultraviolet image from the Dynamics Explorer 1 spacecraft shows a glowing oval 
of auroral emission about 4500 km in diameter centered on the north magnetic pole. 

(b) This photograph shows the aurora australis over Antarctica as seen from an orbiting 


space shuttle, (c) This view from Alaska shows aurorae at their typical altitudes of 100 to 
400 km. The green color shows that the light is emitted by excited oxygen atoms in the 
upper atmosphere, (a: Courtesy of L. A. Frank and J. D. Craven, University of Iowa; 
b: MTU/Geological 6- Mining Engineering 6- Sciences; c; J. Finch/Photo Researchers, 
Inc.) 



Aurorae 

Sometimes the magnetosphere becomes overloaded with particles. 
The particles then leak through the magnetic fields at their weakest 
points and cascade down into Earth’s upper atmosphere, usually in 
an oval-shaped pattern (Figure 5-18). As these high-speed charged 
particles collide with atoms in the upper atmosphere, they excite 
the atoms to high energy levels. The atoms then emit visible light 
as they drop down to their ground states, like the excited gas atoms 
in a neon light. The result is a beautiful, shimmering display called 
an aurora (plural aurorae). These are also called the northern lights 
(aurora borealis) or southern lights (aurora australis), depending on 
the hemisphere in which the phenomenon is observed. Figures 5-1 8b 
and 5-18c show the aurorae as seen from orbit and from Earth’s 
surface. 

Occasionally, a violent event on the Sun’s surface sends a par¬ 
ticularly intense burst of protons and electrons toward Earth. The 
resulting auroral display can be exceptionally bright and can often 
be seen over a wide range of latitudes. Such events also disturb radio 
transmissions and can damage communications satellites and trans¬ 
mission lines. 

It is remarkable that Earth’s magnetosphere, including its vast 
belts of charged particles, was entirely unknown until a few decades 
ago. Such discoveries remind us of how little we truly understand 
and how much remains to be learned even about our own planet. 

(ConceptCheck 5-10: ) When the aurora is visible, what exactly in 
the sky is glowing? 

Answer appears at the end of the chapter. 


Earth's atmosphere has a multilayered 
structure that has changed with time 



Both plate tectonics and Earth’s magnetic field paint a 
picture of a planet with a dynamic, evolving surface and 
interior. Our atmosphere, too, has changed and evolved 


substantially over Earth’s 4.56-billion-year history. When Earth first 
formed by accretion of planetesimals, gases were trapped within 
Earth’s interior in the same proportions that they were present in 
the solar nebula. But since the early Earth was hot enough to be 
molten throughout its volume, most of these trapped gases eventu¬ 
ally leaked into space, easily able to escape Earth’s gravity. The 
atmosphere that remained still contained substantial amounts of 
hydrogen, but in the form of relatively massive molecules of water 
vapor (H 2 0) made by combining two atoms of hydrogen with one 
atom of oxygen, the third most common element in our part of 
the Milky Way Galaxy. In fact, water vapor, along with carbon 
dioxide (C0 2 ), were probably the dominant constituents of the early 
atmosphere. 

Emerging Life's Impact on Earth's Atmosphere 

Carbon dioxide would have been released into Earth’s early atmo¬ 
sphere by volcanic activity and much of it would have been trapped 
within rocks. Carbon dioxide dissolves in rainwater and falls into 
the oceans, where it combines with other substances to form a class 
of minerals called carbonates. (Limestone and marble are examples 
of carbonate-bearing rock.) These form sediments on the ocean 
floor, which are eventually recycled into the crust by subduc- 
tion. As an example, marble is a metamorphic rock formed deep 
within the crust from limestone, a carbonate-rich sedimentary rock. 
The amounts of atmospheric C0 2 that remain today are the result 
of a natural balance between volcanic activity (which releases C0 2 
into the atmosphere) and the formation of carbonates (which re¬ 
moves C0 2 ). 

The appearance of life on Earth set into motion a radical trans¬ 
formation of the atmosphere. Early single-cell organisms converted 
energy from sunlight into chemical energy using photosynthesis, a 
chemical process that consumes C0 2 and water and releases oxygen 
(0 2 ). Oxygen molecules are very reactive, so originally most of the 
0 2 produced by photosynthesis combined with other substances to 
form minerals called oxides. (Evidence for this can be found in rock 
formations of various ages. The oldest rocks have very low oxide 
content, while oxides are prevalent in rocks that formed after the 
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Figure 5-19 

The Increase in Atmospheric Oxygen This graph shows how the amount of oxygen in 
the atmosphere (expressed as a percentage of its present-day value) has evolved with 
time. Note that the atmosphere contained essentially no oxygen until about 2 billion 
years ago. (Adapted from Preston Cloud, “The Biosphere,” Scientific American, 
September 1983, p. 176) 

appearance of organisms that used photosynthesis.) But as life pro¬ 
liferated, the amount of photosynthesis increased dramatically. 
Eventually, so much oxygen was being produced that it could not 
all be absorbed to form oxides, and 0 2 began to accumulate in the 
atmosphere. Figure 5-19 illustrates how the amount of 0 2 in the 
atmosphere has increased over the history of Earth. 

About 2 billion (2 X 10 9 ) years ago, a new type of life evolved 
to take advantage of the newly abundant oxygen. These new organ¬ 
isms produce energy by consuming oxygen and releasing carbon 
dioxide—a process called respiration that is used by all modern 
animals, including humans. Such organisms thrived because pho¬ 
tosynthetic plants continued to add even more oxygen to the 
atmosphere. 

Several hundred million years ago, the number of oxygen mol¬ 
ecules in the atmosphere stabilized at 21% of the total, the same as 
the present-day value. This value represents a balance between the 
release of oxygen from plants by photosynthesis and the intake of 
oxygen by respiration. Thus, the abundance of oxygen is regulated 
almost exclusively by the presence of life—a situation that has no 
parallel anywhere else in the solar system. 

The most numerous molecules in our atmosphere are nitrogen 
(N 2 ), which make up 78% of the total. These, too, are a consequence 
of the presence of life on Earth. Certain bacteria extract oxygen 
from chemicals called nitrates, and in the process liberate nitrogen 
into the atmosphere. The amount of atmospheric nitrogen is kept 
in check by lightning. The energy in a lightning flash causes atmo¬ 
spheric nitrogen and oxygen to combine into nitrogen oxides, which 
dissolve in rainwater, fall into the oceans, and form nitrates. 


(ConceptCheck 5-11: ) What life process converts a predominately 
carbon dioxide atmosphere to a predominately nitrogen and oxygen 
atmosphere? 

Answer appears at the end of the chapter. 

Pressure, Temperature, and 
Convection in the Atmosphere 

Imagine smoothly drifting upward in a hot air balloon. As you go 
up in the atmosphere, there is less and less air pressing down on 
you from above. Hence, the amount of air above you decreases with 
increasing altitude. Atmospheric pressure at any height in the at¬ 
mosphere is caused by the weight of all the air above that height. 
The average atmospheric pressure at sea level is defined to be 1 
atmosphere (1 atm), equal to 1.01 X 10 5 N/m 2 or 14.7 pounds per 
square inch (for more information on atmospheric pressure, see 
Looking Deeper 5.2). 

At the same time, in our imaginary balloon ride, you would 
notice that the temperature changes, too. However, you might be 
surprised to observe that, unlike atmospheric pressure, temperature 
varies with altitude in a complex way. Figure 5-20 shows that tem¬ 
perature decreases with increasing altitude in some layers of the 
atmosphere, but in other layers actually increases with increasing 
altitude. These differences result from the individual ways in which 
each layer is heated and cooled. 

The lowest layer, called the troposphere, extends from the sur¬ 
face to an average altitude of 12 km (roughly 7.5 miles, or 39,000 
ft). It is heated only indirectly by the Sun. Sunlight warms Earth’s 
surface, which heats the lower part of the troposphere. By contrast, 
the upper part of the troposphere remains at cooler temperatures. 
This vertical temperature variation causes convection currents that 
move up and down through the troposphere. Much of Earth’s 
weather is a consequence of this convection. 

Convection on a grand scale is caused by the temperature 
difference between Earth’s equator and its poles. If Earth did 
not rotate, heated air near the equator would rise upward and 



Figure 5-20 

Temperature Profile of the Earths Atmosphere This graph shows how the temperature 
in the Earth’s atmosphere varies with altitude. In the troposphere and mesosphere, 
temperature decreases with increasing altitude; in the stratosphere and thermosphere, 
temperature actually increases with increasing altitude. 
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Figure 5-21 

Circulation Patterns in the Earth's Atmosphere The dominant circulation 
in our atmosphere consists of six convection cells, three in the northern 
hemisphere and three in the southern hemisphere. In the northern temperate 
region (including the continental United States), the prevailing winds at the 
surface are from the southwest toward the northeast. Farther south, within 
the northern tropical region (for example, Hawaii), the prevailing surface winds 
are from northeast to southwest. 
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flow at high altitude toward the poles. There it would cool and 
sink to lower altitudes, at which it would flow back to the equator. 
However, Earth’s rotation breaks up this simple convection pat¬ 
tern into a series of smaller convection circles. In these smaller 
circles, air flows east and west as well as vertically and in a north- 
south direction. The structure of these cells explains why the pre¬ 
vailing winds blow in different directions at different latitudes 
(Figure 5-21). 

( ConceptCheck 5-12:) Is the atmospheric layer called the 
troposphere heated from above or below? 

Answer appears at the end of the chapter. 

Upper Layers of the Atmosphere 

Almost all the oxygen in the troposphere is in the form of 0 2 , a 
molecule made of two oxygen atoms. But in the stratosphere, which 
extends from about 12 to 50 km (about 7.5 to 31 mi) above the 
surface, some oxygen is in the form of ozone, a molecule made of 
three oxygen atoms (0 3 ). Ozone is very efficient at absorbing ultra¬ 
violet radiation from the Sun, which means that the stratosphere 
can directly absorb solar energy. The result is that the temperature 
actually increases as you move upward in the stratosphere. Convec¬ 
tion requires that the temperature must decrease, not increase, with 
increasing altitude, so there are essentially no convection currents 
in the stratosphere. 

Above the stratosphere lies the mesosphere. Very little ozone 
is found here, so solar ultraviolet radiation is not absorbed within 


the mesosphere, and atmospheric temperature again declines with 
increasing altitude as cooling occurs. The temperature of the me¬ 
sosphere reaches a minimum of about —5°C (= — 103°F = 198 
K) at an altitude of about 80 km (50 mi). This minimum marks 
the bottom of the atmosphere’s thinnest and uppermost layer, the 
thermosphere, in which temperature once again rises with increas¬ 
ing altitude. This is not due to the presence of ozone, because in 
this very-low-density region oxygen and nitrogen are found mostly 
as individual atoms rather than in molecules. Instead, the thermo¬ 
sphere is heated because these isolated atoms absorb very-short- 
wavelength solar ultraviolet radiation, which oxygen and nitrogen 
molecules are not plentiful enough to absorb (for more informa¬ 
tion on the Earth’s thermosphere and ionosphere, see booking 
Deeper 5.3). 

CAUTION At altitudes near 300 km the temperature of the thermo¬ 
sphere is about 1000°C (1800°F). This is near the altitude at which 
the space shuttle and satellites orbit Earth. Nonetheless, a satellite 
in orbit does not risk being burned up as it moves through the 
thermosphere. The reason is that the thermosphere is far less dense 
than the atmosphere at sea level. The high temperature simply 
means that an average atom in the thermosphere is moving very 
fast. But because the thermosphere is so thin (only about 10“ n as 
dense as the air at sea level), these fast-moving atoms are few and 
far between. Hence, the thermosphere contains very little energy. 
Nearly all the heat that an orbiting satellite receives is from sunlight, 
not the thermosphere. 

THE Cosmic Connections figure compares the layered structure 
of our atmosphere with that of the Earth’s interior. 






* Comparing Earth's 
' Atmosphere and interior 

Earth's atmosphere (which is a gas) and Earth's interior (which is partly solid, partly liquid) 
both decrease in density and pressure as you go farther away from the Earth's center. 
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(ConceptCheck 5-13:) What would happen to the temperature in 
the stratosphere if there was an absence of ozone? 

Answer appears at the end of the chapter. 

Our Sun's Role in the Atmosphere's Energy 

The Sun is the principal source of energy for the atmosphere. Earth’s 
surface is warmed by sunlight, which in turn warms the air next to 
the surface. Solar energy also powers atmospheric activity by evapo¬ 
rating water from the surface. The energy in the water vapor is 
released when it condenses to form water droplets, like those that 
make up clouds. In a typical thunderstorm, some 5 X 10 8 kg of 
water vapor is lifted to great heights. The amount of energy released 
when this water condenses is as much as a city of 100,000 people 
uses in a month! 

Solar energy also helps to power the oceans. Warm water from 
near the equator moves toward the poles, while cold polar water 
returns toward the equator. In the end, the average surface tempera¬ 
ture of Earth depends almost entirely on the amount of energy that 
reaches us from the Sun in the form of electromagnetic radiation. 
In an analogous way, whether you feel warm or cool outdoors on 
a summer day depends on whether you are in the sunlight and re¬ 
ceiving lots of solar energy or in the shade and receiving little of 
this energy. 

If Earth did nothing but absorb radiation from the Sun, it 
would get hotter and hotter until the surface temperature became 
high enough to melt rock. Happily, there are two reasons why this 
doesn’t happen. One is that the clouds, snow, ice, and sand reflect 
about 31% of the incoming sunlight back into space. The fraction 
of incoming sunlight that a planet reflects is called its albedo (from 
the Latin for “whiteness”); thus Earth’s albedo is about 0.31. Thus, 
only 69% of the incoming solar energy is absorbed by Earth. A 
second reason is that Earth also emits radiation into space because 
of its temperature, in accordance with the laws that describe heated 
dense objects. Earth’s average surface temperature is nearly con¬ 
stant, which means that on the whole it is neither gaining nor losing 
energy. Thus, the rate at which Earth emits energy into space must 
equal the rate at which it absorbs energy from the Sun. 

To better understand this balance between absorbed and emit¬ 
ted radiation, remember that Wien’s law tells us that the wavelength 
at which such an object emits most strongly (7 max ) is inversely pro¬ 
portional to its temperature (T) on the Kelvin scale (see Chapter 2 
in this book). For example, the Sun’s surface temperature is about 
5800 K, and sunlight has its greatest intensity at a wavelength 7 max 
of 500 nm, in the middle of the visible spectrum. Earth’s average 
surface temperature of 287 K is far lower than the Sun’s, so Earth 
radiates most strongly at longer wavelengths in the infrared portion 
of the electromagnetic spectrum. The Stefan-Boltzmann law (see 
Chapter 2) tells us that temperature also determines the amount of 
radiation that Earth emits: The higher the temperature, the more 
energy it radiates. 

Given the amount of energy reaching us from the Sun each sec¬ 
ond as well as Earth’s albedo, we can calculate the amount of solar 
energy that Earth should absorb each second. Since this must equal 
the amount of electromagnetic energy that Earth emits each second, 
which in turn depends on Earth’s average surface temperature, we 


can calculate what Earth’s average surface temperature should be. 
The result is a very chilly 254 K (= — 19°C = —2°F), so cold that 
oceans and lakes around the world should be frozen over. In fact, 
Earth’s actual average surface temperature is 287 K (= 14°C = 
57°F). What is wrong with our model? Why is Earth warmer than 
we would expect? 

The explanation for this discrepancy is called the greenhouse 
effect: Our atmosphere prevents some of the radiation emitted by 
Earth’s surface from escaping into space. Certain gases in our at¬ 
mosphere, called greenhouse gases, among them water vapor and 
carbon dioxide, are transparent to visible light but not to infrared 
radiation. Consequently, visible sunlight has no trouble entering our 
atmosphere and warming the surface. But the infrared radiation 
coming from the heated surface is partially trapped by the atmo¬ 
sphere, thus raising the temperatures of both the atmosphere and 
the surface. As the surface and atmosphere become hotter, they both 
emit more infrared radiation, part of which is able to escape into 
space. The temperature levels off when the amount of infrared en¬ 
ergy that escapes just balances the amount of solar energy reaching 
the surface (Figure 5-22). The result is that our planet’s surface is 
some 33°C (59°F) warmer than it would be without the greenhouse 
effect, and water remains unfrozen over most of Earth. 

The warming caused by the greenhouse effect gives our planet 
the moderate temperatures needed for the existence of life. For over 
a century, however, our technological civilization has been adding 
greenhouse gases to the atmosphere at an unprecedented rate. 


( ConceptCheck 5-14: ) What is the positive impact that the 
greenhouse effect has on our planet? 

Answer appears at the end of the chapter. 
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Figure 5-22 

The Greenhouse Effect Sunlight warms the Earth’s surface, which due to its temperature 
emits infrared radiation. Much of this radiation is absorbed by atmospheric water vapor 
and carbon dioxide, helping to raise the average temperature of the surface. Some infrared 
radiation does penetrate the atmosphere and leaks into space. In a state of equilibrium, 
the rate at which the Earth loses energy to space in this way is equal to the rate at which it 
absorbs energy from the Sun. 
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A rapidly growing human population is 

altering our planetary habitat 

One of the characteristics of life is that it changes its environment. 
Indeed, Earth’s original atmosphere has been changed from pre¬ 
dominantly carbon dioxide based to nitrogen and oxygen based 
because of the biological processes of living things. We can observe 
the roots of giant trees causing cracks in sidewalks, ant colonies 
creating giant mounds of soil, and turtles eating away at coral. What 
makes Earth truly unique among all of the planets is that it is teem¬ 
ing with environment-altering life, from the floors of the oceans to 
the tops of mountains and from frigid polar caps to blistering des¬ 
erts. Clearly our planet and its inhabitants interact, but what if 
things get out of balance? 

The Biosphere and Natural Climate Variation 

All life on Earth subsists in a relatively thin layer called the biosphere, 
which includes the oceans, the lowest few kilometers of the tropo¬ 
sphere, and the crust to a depth of almost 3 kilometers. Figure 5-23 
is a portrait of Earth’s biosphere based on NASA satellite data. The 
biosphere, which has taken billions of years to evolve to its present 
state, is a delicate, highly complex system in which plants and ani¬ 
mals depend on each other for their mutual survival. 

The state of the biosphere depends crucially on the temperature 
of the oceans and atmosphere. Even small temperature changes can 
have dramatic consequences. An example that recurs every three to 
seven years is the El Nino phenomenon, in which temperatures at 
the surface of the equatorial Pacific Ocean rise by 2 to 3°C. 


Ordinarily, water from the cold depths of the ocean is able to well 
upward, bringing with it nutrients that are used by microscopic 
marine organisms called phytoplankton that live near the surface 
(see Figure 5-23). But during an El Nino, the warm surface water 
suppresses this upwelling, and the phytoplankton starve. This 
wreaks havoc on organisms such as mollusks that feed on phyto¬ 
plankton, on the fish that feed on the mollusks, and on the birds 
and mammals that eat the fish. During one particularly severe El 
Nino, a quarter of the adult sea lions off the Peruvian coast starved, 
along with all of their pups. 

Many different factors can change the surface temperature of 
our planet. One is that the amount of energy radiated by the Sun 
can vary up or down by a few tenths of a percent. Reduced solar 
brightness may explain the period from 1450 to 1850, when Euro¬ 
pean winters were substantially colder than they are today. 

Other factors are the gravitational influences of the Moon and 
the other planets. Thanks to these influences, the eccentricity of 
Earth’s orbit varies within a period of 90,000 to 100,000 years, the 
tilt of its rotation axis varies between 22.1° and 24.5° with a 40,000- 
year period, and the orientation of its rotation axis changes due to 
precession with a 26,000-year period. These variations can affect 
climate by altering the amount of solar energy that heats Earth 
during different parts of the year. They help explain why Earth 
periodically undergoes an extended period of low temperatures 
called an ice age, the last of which ended about 11,000 years ago. 

One of the most important factors affecting global tempera¬ 
tures is the abundance of greenhouse gases such as C0 2 . Geologic 
processes can alter this abundance, either by removing C0 2 from 
the atmosphere (as happens when fresh rock is uplifted and exposed 
to the air, where it can absorb atmospheric C0 2 to form carbonates) 



Figure 5-23 

The Earth’s Biosphere This image, based on data from the SeaWIFS spacecraft, 
shows the distribution of plant life over the Earth’s surface. The ocean colors show 


where free-floating microscopic plants called phytoplankton are found. (NASA Visible 
Earth) 
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or by supplying new CO r From time to time in our planet’s history, 
natural events have caused dramatic increases of the amount of 
greenhouse gases in the atmosphere. One such event may have taken 
place 251 million (2.51 X 10 8 ) years ago, when Siberia went through 
a period of intense volcanic activity. The evidence for this is a layer 
of igneous rock (see Figure 5-2a) in Siberia that covers an area about 
the size of Europe. The tremendous amounts of C0 2 released by 
this activity would have elevated the global temperature by several 
degrees. Remarkably, the fossil record reveals that 95% of all spe¬ 
cies on Earth became extinct at this same time. The coincidence of 
these two events suggests that greenhouse-induced warming can 
have catastrophic effects on life. 

( ConceptCheck 5-15: ) How can a tiny 3°C increase in ocean 
surface temperature stifle the food chain? 

Answer appears at the end of the chapter. 

Human Effects on the 
Biosphere: Deforestation 

Our species is having an increasing effect on the biosphere because 
our population is skyrocketing. Figure 5-24 shows the sharp rise in 
the human population that began in the late 1700s with the Indus¬ 
trial Revolution and the spread of modern ideas about hygiene. This 
rise accelerated in the twentieth century thanks to medical and 
technological advances ranging from antibiotics to high-yield 
grains. In 1960 there were 3 billion people on Earth; in 1975, 4 
billion; and in 1999, 6 billion. Projections by the United Nations 
Population Division show that there will be more than 8 billion 
people on Earth by the year 2030 and more than 9 billion by 2050. 

Every human being has basic requirements: food, clothing, and 
housing. We all need fuel for cooking and heating. To meet these 
demands, we cut down forests, cultivate grasslands, and build 



Figure 5-24 

The Human Population Data and estimates from the U.S. Bureau of the Census, the 
Population Reference Bureau, and the United Nations Population Fund were combined 
to produce this graph showing the human population from 500 b.c. to 2000 a.d. The 
population began to rise in the eighteenth century and has been increasing at an 
astonishing rate since 1900. 



Figure 5-25 R I V U X G 

The Deforestation of Amazonia The Amazon, the world’s largest rain forest, is being 
destroyed at a rate of 20,000 square kilometers per year in order to provide land for 
grazing and farming and as a source for lumber. About 80% of the logging is being carried 
out illegally. (Martin Wendler/Okapia/Photo Researchers) 

sprawling cities. A striking example of this activity is occurring 
in the Amazon rain forest of Brazil. Tropical rain forests are vital 
to our planet’s ecology because they absorb significant amounts 
of C0 2 and release 0 2 through photosynthesis. Although rain for¬ 
ests occupy only 7% of the world’s land areas, they are home to at 
least 50% of all plant and animal species on Earth. Nevertheless, to 
make way for farms and grazing land, people simply cut down the 
trees and set them on fire—a process called slash-and-burn. This 
burning process releases C0 2 once held within the plants back into 
the atmosphere. Such deforestation, along with extensive lumbering 
operations, is occurring in Malaysia, Indonesia, and Papua New 
Guinea. The rain forests that once thrived in Central America, India, 
and the western coast of Africa are almost gone (Figure 5-25). 

(ConceptCheck 5-16:) In what two ways does deforestation 
through slash-and-burn increase Earth’s atmospheric carbon dioxide? 

Answer appears at the end of the chapter. 

Human Effects on the Biosphere: 

The Ozone Layer 

Human activity is also having potentially disastrous effects on the 
upper atmosphere. Certain chemicals released into the air—in par¬ 
ticular chlorofluorocarbons (CFCs), which have been used in refrig¬ 
eration and electronics, and methyl bromide, which is used in 
fumigation—are destroying the ozone in the stratosphere. Without 
a high-altitude ozone layer to absorb ultraviolet light from the 
Sun, solar ultraviolet radiation would beat down on Earth’s surface 
with greatly increased intensity. Such radiation breaks apart most of 
the delicate molecules that form living tissue. Hence, a complete loss 
of the ozone layer would lead to a catastrophic ecological disaster. 

In 1985 scientists discovered a region with an abnormally low 
concentration of ozone over Antarctica. Since then this ozone hole 
has generally expanded from one year to the next (Figure 5-26). 
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Figure 5-26 

The Antarctic Ozone Hole These two 
false-color images show that there was a 
net decrease of 50% in stratospheric ozone 
over Antarctica between October 1979 and 
September 2003. The amount of ozone at 
midlatitudes, where most of the human 
population lives, decreased by 10 to 20% 
over the same period. (G5FC/NASA) 


October 1979 


September 2003 


Smaller but still serious effects have been observed in the strato¬ 
sphere above other parts of Earth. As a result, there has been a 
worldwide increase in the number of deaths due to skin cancer 
caused by solar ultraviolet radiation. By international agreement, 
CFCs are being replaced by compounds that do not deplete strato¬ 
spheric ozone, and sunlight naturally produces more ozone in the 
stratosphere. In recent years, we have observed a slight slowing 
of ozone layer damage, but it is not expected to heal for many 
decades. 

^ConceptCheck 5-17:) If ozone is not actually leaking out of the 
ozone hole, what is moving through this hole? 

Answer appears at the end of the chapter. 

Human Effects on the Biosphere: Global 
Warming and Climate Change 

The most troubling influence of human affairs on the biosphere is 
a consequence of burning fossil fuels (petroleum and coal) in auto¬ 
mobiles, airplanes, and power plants as well as burning forests and 
brushland for agriculture and cooking. This burning releases carbon 
dioxide into Earth’s atmosphere—and we are adding C0 2 to the 
atmosphere faster than plants and geological processes can extract 
it. Figure 5-27 shows how the carbon dioxide content of the atmo¬ 
sphere has increased since 1958, when scientists began to measure 
this quantity on an ongoing basis. 

To put the values shown in Figure 5-27 into perspective, we 
need to know the atmospheric C0 2 concentration in earlier eras. 
Scientists have learned this by analyzing air bubbles trapped at 
various depths in the ice that blankets the Antarctic and Greenland. 
Each winter a new ice layer is deposited, so the depth of the bubble 
indicates the year in which it was trapped. Figure 5-28 uses data 
obtained in this way to show how the atmospheric C0 2 concen¬ 
tration has varied since 1000 a.d. While there has been some natu¬ 
ral variation in the concentration, its value has skyrocketed since 
the beginning of the Industrial Revolution around 1800. Data 
from older, deeper bubbles of trapped air show that in the 650,000 
years before the Industrial Revolution, the C0 2 concentration 
was never greater than 300 parts per million. The present-day C0 2 



Figure 5-27 

Atmospheric Carbon Dioxide Is Increasing This graph shows measurements of 
atmospheric carbon dioxide in parts per million (ppm). The sawtooth pattern results from 
plants absorbing more carbon dioxide during spring and summer. The C0 2 concentration 
in the atmosphere has increased by 21% since continuous observations started in 1958. 
(NOAA/Scripps Institution of Oceanography) 

concentration is greater than this by 25%, and has grown to its 
present elevated level in just over half a century. If there are no 
changes in our energy consumption habits, by 2050 the atmo¬ 
spheric C0 2 concentration will be greater than 600 parts per 
million. 

Increasing atmospheric C0 2 is of concern because this strength¬ 
ens the greenhouse effect and raises Earth’s average surface tem¬ 
perature. Figure 5-28 also shows how this average temperature has 
varied since 1000 a.d. Fike the C0 2 data, the temperature data from 
past centuries comes from analyzing trapped air bubbles. The recent 
dramatic increase in atmospheric C0 2 concentration has produced 
an equally dramatic increase in the average surface temperature. 
This temperature increase is called global warming. Other explana¬ 
tions for global warming have been proposed, such as changes in 
the Sun’s brightness, but only greenhouse gases produced by human 
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Figure 5-28 

Atmospheric C0 2 and Changes in Global Temperature 

This figure shows how the carbon dioxide concentration in our 
atmosphere (upper curve) and Earth’s average surface temperature 
(lower curve) have changed since 1000 a.d. The increase in C0 2 
since 1800 due to burning fossil fuels has strengthened the 
greenhouse effect and caused a dramatic temperature increase. 
(Intergovernmental Panel on Climate Change and Hadley 
Centre for Climate Prediction and Research, UK 
Meteorological Office) 



activity can explain the steep temperature increase shown in Fig¬ 
ure 5-28. These gases include methane (CH 4 ) and nitrous oxide 
(N 2 0), which are released in relatively small amounts by agricul¬ 
ture and industry but which are far more effective greenhouse gases 
than C0 2 . 

(ConceptCheck 5-18: ) What is the difference between the 
greenhouse effect and global warming? 

Answer appears at the end of the chapter. 

Impact of Global Warming 

The effects of global warming can be seen around the world. Each 
of the last 12 years was one of the warmest on record since 1997, 
and each of the years since 2000 has seen increasing numbers of 
droughts, water shortages, and unprecedented heat waves. Glaciers 
worldwide are receding, the size of the ice cap around the north 
pole has decreased by nearly 40% since 1979, and portions of the 
Antarctic ice shelf has broken off (Figure 5-29). 

Earth’s most dramatic changes due to global warming are evi¬ 
dent in the Arctic Circle. It is generally accepted that the quickly 
thinning ice at the north pole will thaw and become open sea instead 
of solid ice within the next decades. 

Few scientists disagree that global warming is occurring. Un¬ 
fortunately, global warming is predicted to intensify in the decades 
to come. The degree to which this will occur and what might be 
done about it is under grand debate. The UN Intergovernmental 
Panel on Climate Change predicts that if nothing is done to de¬ 
crease the rate at which we add greenhouse gases to our atmo¬ 
sphere, the average surface temperature will continue to rise by an 
additional 1.4 to 5.8°C during the twenty-first century. What is 
worse, the temperature increase is predicted to be greater at the 
poles than at the equator. The global pattern of atmospheric cir¬ 
culation (Figure 5-21) depends on the temperature difference be¬ 
tween the warm equator and cold poles, so this entire pattern will 



Figure 5-29 R I V U X G 

A Melting Antarctic Ice Shelf Global warming caused the Larsen B ice shelf to break up in 
early 2002. This ice shelf which was about the size of Rhode Island, is thought to have been 
part of the Antarctic coast for the past 12,000 years. (NASA/GSFC/LaRC/JPL, MIST Team) 

be affected. The same is true for the circulation patterns in the 
oceans. As a result, temperatures will rise in some regions and 
decline in others and the patterns of rainfall will be substantially 
altered. Agriculture depends on rainfall, so these changes in rainfall 
patterns can cause major disruptions in the world food supply. 
Studies suggest that the climate changes caused by a 3°C increase 
in the average surface temperature would cause a worldwide drop 
in cereal crops of 20 to 400 million tons, putting 400 million more 
people at risk of hunger. 

The melting of polar ice due to global warming poses an ad¬ 
ditional risk to our civilization. When floating ice such as that found 
near the north pole melts, the ocean level remains the same. (You 
can see this by examining a glass of water with an ice cube floating 
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in it. The water level doesn’t change when the ice melts.) But the 
ocean level rises when ice on land melts and runs off into the sea. 
The Greenland ice cap has been melting at an accelerating rate since 
2000 and has the potential to raise sea levels by half a meter or 
more. Low-lying coastal communities such as Boston and New 
Orleans, as well as river cities such as London, will have a greater 
risk of catastrophic flooding. Some island nations of the Pacific will 
disappear completely beneath the waves. 

While global warming is an unintended consequence of human 
activity, the solution to global warming will require concerted and 
thoughtful action. Global warming cannot be stopped completely: 
Even if we were to immediately halt all production of greenhouse 
gases, the average surface temperature would increase an additional 


2°C by 2100, thanks to the natural inertia of Earth’s climate system. 
Instead, our goal is to minimize the effects of global warming by 
changing the ways in which we produce energy, making choices 
about how to decrease our requirements for energy, and finding 
ways to remove C0 2 from the atmosphere and trap it in the oceans 
or beneath our planet’s surface. Confronting global warming is 
perhaps the greatest challenge to face our civilization in the twenty- 
first century. 

( ConceptCheck 5-19:} Is there scientific debate about whether or 
not global warming is occurring? 

Answer appears at the end of the chapter. 



Earth's Interior and the Paths of Seismic Waves 


S and P waves 
P waves only 



Only P waves 
reach here. 


Both S and P 
waves reach here. 


Both S and P 
waves reach here. 


Neither S nor P 
waves reach here 
(“shadow zone”). 


SnorP 
waves reach here 
(“shadow zone”). 


PROMPT: What would you tell a fellow student who said, “P-type 
seismic waves are never measured on the side of the planet 
opposite an earthquake because they will not travel through Earth’s 
liquid inner core.” 


ENTER RESPONSE: 


Guiding Questions: 

1. P-type seismic waves are observed 

a. everywhere on Earth, except in the shadow zone. 

b. only in places where S waves are not. 

c. only near an earthquake itself. 

d. to be stopped by solid rock. 

2. P-type seismic waves will 

a. pass through liquid, just as S waves do. 

b. pass through liquid, whereas S waves will not. 

c. be blocked entirely by Earth’s core. 

d. absorb S-type seismic waves. 

3. Earth’s inner core and outer core take up about 

a. half the size of Earth overall. 

b. one-quarter the size of Earth. 

c. 90% of Earth’s volume. 

d. 10% of Earth’s volume. 

4. Compared to Earth’s outer core, Earth’s inner core is 

a. liquid, just like the outer core. 

b. the same material as the mantle, only hotter. 

c. solid, whereas the outer core is liquid. 

d. responsible for absorbing P-type seismic waves. 
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Key Ideas and Terms 

5-1 Earth’s layered interior is revealed by the study of earthquakes 

• Igneous rocks form from solidified subsurface magma or above¬ 
surface lava. 

• Erosion is the action of wind, water, or ice that loosens rock or soil 
and moves it downhill or downstream. 

• Sedimentary rocks are cemented together from eroded materials. 

• Metamorphic rocks form when rocks are changed by enormous 
pressures and high temperatures. 

• Earth has a solid inner core and a molten outer core surrounded by a 
mantle surrounded by a thin crust. 

• The asthenosphere is the upper part of the mantle that exhibits a slow 
plastic flow. 

• Earthquakes release energy in the form of surface waves, longitudinal 
P waves, and transverse S waves. 

5-2 Earth’s surface changes because it is constantly moving 

• Plate tectonics describes how the process of convection drives the 
movement of Earth’s surface plates on the lithosphere. 

• Where plates separate, oceanic rifts are caused by seafloor spreading. 

• Where plates collide, cool crustal material from one of the plates 
sinks back down into the mantle along a subduction zone. 

5-3 Earth’s magnetic field protects life from the Sun’s subatomic 

particles 

• Earth’s magnetic field is created by a dynamo from electric currents 
moving in Earth’s outer core. 

• The region of space around a planet in which the motion of charged 
particles is dominated by the planet’s magnetic field is called the 
planet’s magnetosphere. 

• Some of the solar wind’s charged particles leak through a 
magnetopause and are trapped by the Van Allen belts. 

• When charged particles excite atoms in Earth’s atmosphere and cause 
them to glow, the aurora, also called the northern lights (aurora 
borealis) or southern lights (aurora australis), are observed. 

5-4 Earth’s atmosphere has a multilayered structure that has changed 

with time 

• Photosynthesis is the chemical energy process by living organisms that 
consumes C0 2 and water and releases oxygen (0 2 ). 

• Respiration is the chemical energy process where modern animals 
consume oxygen and release carbon dioxide. 

• A planet’s atmosphere is the layer of gas surrounding the planet, and 
the atmospheric pressure is the weight of all the air above a particular 
height. 

• Earth’s atmosphere is divided into layers where the lowest is the 
troposphere, where most weather occurs, surrounded by the ozone- 
containing stratosphere, which in turn is surrounded by a mesosphere 
and a thermosphere. 

• The fraction of incoming sunlight that a planet reflects is called its 

albedo. 

• The greenhouse effect occurs when a planet’s greenhouse gases in its 
atmosphere prevent some of the energy emitted by Earth’s surface 
from escaping into space. 


5-5 A rapidly growing human population is altering our planetary habitat 

• All life on Earth subsists in a relatively thin layer called the biosphere. 

• Without the high-altitude ozone layer to absorb ultraviolet light from 
the Sun, solar ultraviolet light would beat down on Earth’s surface 
with greatly increased intensity. This layer is thinnest over Antarctica 
and is known as the ozone hole. 

• The recent dramatic increase in atmospheric C0 2 concentration has 
produced an equally dramatic increase in Earth’s average surface 
temperature, known as global warming. 

Questions 

Review Questions 

1. Describe the various ways in which Earth’s surface is reshaped over 
time. 

2. Why are typical rocks found on Earth’s surface much younger than 
Earth itself? 

3. How does the greenhouse effect influence the temperature of the 
atmosphere? Which properties of greenhouse gases in the atmosphere 
cause this effect? 

4. How do we know that Earth was once entirely molten? 

^ 5. What are the different types of seismic waves? Why are 

^ seismic waves useful for probing Earth’s interior structure? 

6. Describe the interior structure of Earth. 

7. The deepest wells and mines go down only a few kilometers. What, 
then, is the evidence that iron is abundant in Earth’s core? That 
Earth’s outer core is molten but the inner core is solid? 

8. Describe the process of plate tectonics. Give specific examples of 
geographic features created by plate tectonics. 

9. Explain how convection in Earth’s interior drives the process of plate 
tectonics. 

10. What are the differences among igneous, sedimentary, and 
metamorphic rocks? What do these rocks tell us about the sites at 
which they are found? 

11. Describe Earth’s magnetosphere. If Earth did not have a magnetic 
field, do you think aurorae would be more common or less common 
than they are today? 

12. Ozone and carbon dioxide each make up only a fraction of a percent 
of our atmosphere. Why, then, should we be concerned about small 
increases or decreases in the atmospheric abundance of these gases? 

13. What is the difference between ozone depletion and global warming? 

Web Chat Questions 

1. The human population on Earth is currently doubling about every 30 
years. Describe the various pressures placed on Earth by uncontrolled 
human population growth. Can such growth continue indefinitely? If 
not, what natural and human controls might arise to curb this 
growth? It has been suggested that overpopulation problems could be 
solved by colonizing the Moon or Mars. Do you think this is a 
reasonable solution? Explain your answer. 

2. In order to alleviate global warming, it will be necessary to 
dramatically reduce the amount of carbon dioxide that we release into 
the atmosphere by burning petroleum. What changes in technology 
and society do you think will be needed to bring this about? 
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Collaborative Exercises 

1. Using a ruler and self-stick or taped-on labels, create a scale model of 
the Earth on the shortest member of your group. Use the group 
member’s height in inches divided by Earth’s diameter (12,800 km) 
as the scale factor. For example, if the selected group member is 65 
inches tall then the 50 km maximum depth of Earth’s crust is (65 
inches -r- 12,800 km ) X (50 km) = 0.25 inches from the top of the 
head and 0.25 inches from the bottom of the feet. 

Observing Projects 

1. Use the Starry Night College™ program to view the Earth from 
space. Select Favourites > Investigating Astronomy > Earth from the 
menu to place yourself about 12,238 km above the Earth’s surface. 
Use the location scroller to rotate the Earth beneath you, allowing 
you to view different parts of its surface. Is there any evidence for the 
presence of an atmosphere on Earth? Explain. (Try moving time and 
date until the Moon moves behind the Earth, selecting, centering, and 
zooming in on the Moon and watching it as time advances to carry 
the Earth in front of the Moon.) 

2. Use the Starry Night College™ program to view the Earth from 
space. Select Favourites > Investigating Astronomy > Earth from the 
menu. Right-click (Ctrl-click on a Mac) on the Earth and select 
Surface Image/Model > Default from the contextual menu to display 
the Earth without an atmosphere. Use the location scroller to rotate 
the Earth, allowing you to view different parts of the Earth. 

a) Can you see any evidence of plate tectonics on the Earth? 

b) Open the contextual menu over the Earth again and select 
Surface Image/Model > GeologicalOOMYAgo to see a 
simulation of the Earth as it would have appeared 
approximately 200 million years ago. Use the location scroller 
to examine this view of the Earth. Can you recognize any of the 
modern continents? 

c) Next, select Surface Image/Model > Geological65MYAgo from 
the contextual menu. Can you recognize any of the modern 
continents in this image? 

d) Finally, select Surface Image/Model > Geological Present from 
the contextual menu and then the Geological Future option. In 
which direction is the continent of Australia drifting? 

3. Use the Starry Night College™ program to view the Earth from 
space. Click the Home button in the toolbar to move your viewing 
location to your home town or city. Click the Increase current 
elevation button beneath the Viewing Location panel in the toolbar 
to raise your position to about 11,000 km above your home location. 
Use the hand tool to move the Earth into the center of the view. 
Locate the position of your home and zoom in on it, using the Zoom 
tool on the right of the toolbar to set the field of view to about 16° X 
11°. Use the location scroller to move over various regions of the 
Earth’s surface. 

a) Can you see any evidence of the presence of life or of man¬ 
made objects? 

b) Right-click on the Earth (Ctrl-click on a Mac) and select 
Google Map from the contextual menu to examine regions of 
the Earth in great detail on these images from an orbiting 
satellite. (You will need to have access to the Internet in order 
to use Google Map) You can attempt to locate your own home 
on these maps. As an exercise, find the country of Panama. 
Zoom in progressively upon the Panama Canal and search for 
the ships traversing this incredible waterway and the massive 
locks that lift these ships into the upper waterways. What does 
this suggest about the importance of sending spacecraft to 
planets to explore their surfaces at close range? 


Answers 

ConceptChecks 

ConceptCheck 5-1: Sedimentary rocks are created when weathered material 
is cemented together. Hence, the original rock would need to be exposed to 
wind or water to be broken into smaller pieces and then reformed into a 
sedimentary rock. 

ConceptCheck 5-2: Earth must have significant amounts of iron in its core 
because Earth’s overall density is much higher than the rocks found at its 
surface, so the new planet must have far less iron if it were to have a lower 
average density. 

ConceptCheck 5-3: Because longitudinal S waves are unable to travel 
through liquid, the sudden appearance of S waves suggests that the planet’s 
interior would have solidified. 

ConceptCheck 5-4: The melting temperature would be lower because re¬ 
gions of high pressure decrease the temperature at which rocks melt. 

ConceptCheck 5-5: When two oceanic plates move apart, molten material 
wells up in the gap between them. This piles up and produces an underwater 
mountain chain like the Mid-Atlantic Ridge. 

ConceptCheck 5-6: Where oceanic crust material is subducted beneath 
continental crust, it is plunged into the high-temperature mantle and melts. 
Occasionally, this material rises in the form of magma-feeding volcanoes. 

ConceptCheck 5-7: A supercontinent traps energy in the form of heat be¬ 
neath it, causing the material directly beneath it to expand and crack. This 
process allows fissures to be filled by rapidly upwelling material from un¬ 
derneath, breaking the continent apart. 

ConceptCheck 5-8: No. Earth’s magnetic field is predominantly created 
by a dynamo effect caused by the movement of iron-rich material in the 
liquid core. 

ConceptCheck 5-9: The vast majority of charged particles from the Sun’s 
solar wind are deflected away. A portion that leaks inside the magnetosphere 
is generally captured within the Van Allen belts. 

ConceptCheck 5-10: What is glowing are atoms in the outer fringes of 
Earth’s atmosphere. When struck by fast-moving charged particles that 
originated on the Sun, electrons in these atoms are excited, then emit light 
when they return to their normal state. 

ConceptCheck 5-11: In our solar system, Earth is the only planet on which 
these processes appear to have taken place. Plants using photosynthesis 
convert carbon dioxide into oxygen, and certain bacteria use oxygen from 
rocks, releasing nitrogen. 

ConceptCheck 5-12: As sunlight warms Earth’s surface, energy in the form 
of heat increases the temperature of the troposphere near Earth’s surface 
such that the troposphere is heated from below. 

ConceptCheck 5-13: Ozone in the stratosphere absorbs ultraviolet radiation 
from the Sun and helps warm the stratosphere. So, a deficit of ozone would 
make the stratosphere cooler in temperature. 

ConceptCheck 5-14: By moderating heat loss into outer space, the green¬ 
house effect keeps Earth’s temperature warmer than it would otherwise be, 
allowing liquid water and hence life to exist on Earth. 

ConceptCheck 5-15:A3°C change in ocean surface temperature is sufficient 
to starve plankton, the base of the food chain, by preventing cooler, nutrient- 
rich water from moving to the surface. 
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ConceptCheck 5-16: Living plants remove C0 2 from the atmosphere 
through photosynthesis, and burning plants release the C0 2 they have cap¬ 
tured back into the atmosphere. 

ConceptCheck 5-17: Atmospheric ozone prevents much of the Sun’s harm¬ 
ful ultraviolet light from entering Earth’s atmosphere. The ozone hole is a 
region allowing more of this energy to enter Earth’s atmosphere. 

ConceptCheck 5-18: The greenhouse effect is the process by which C0 2 
and other gases maintain Earth’s temperature at a moderate level by pre¬ 
venting heat loss into outer space. By comparison, global warming is the 
uncontrolled, rapid increase in Earth’s temperature due to human activity, 
making the effect unusually intense. 


ConceptCheck 5-19: No. There is no debate—nearly everyone agrees global 
warming is occurring. The scientific debate is about how much will occur, 
why it is occurring, how it might be mitigated, and what will be the extent 
of damage to the biosphere. 

CalculationChecks 

CalculationCheck 5-1: Using the relationship that distance equals rate times 
(6 X 10 8 cm) -r- 2 cm/year = 3 X 10 8 years or 300 million years. 

CalculationCheck 5-2: 5 X 10 9 years -r- 5 X 10 8 years/cycle =10 cycles. 





R I V U X G A perspective view of Aureum Chaos, a region within the vast Valles Marineris rift valley on Mars. 

(ESA/DLR/FU Berlin, G. Neukum) 



F or the past four hundred years, astronomers have gazed at the planets 
through telescopes and wondered if they are like our own planet Earth. 
Now, in just the past few decades, advances in spacecraft technology 
have allowed us to send orbiting probes and robotic rovers to carefully study 
the planets and their moons. In the last chapter, we systematically looked at 
some of the geologic processes that shape our Earth resulting from an ener¬ 
getic molten interior. Using these ideas, we are now in a position to look at 
other solar system objects and see how they are similar to or different from 
our own. This way of thinking leads us to a fascinating question: If planets and 
moons formed more than 4 billion years ago, how can modern-day astrono¬ 
mers determine the seemingly complex history of planets and moons beyond 
Earth? Just as ancient fossils on Earth provide evidence of how life has evolved 
on our planet, ancient rocks and geological formations help us understand 


how our planet’s surface and atmosphere have evolved. For example, the 
oldest rocks on Earth have a chemical structure that shows they formed in a 
time when there was little oxygen in the atmosphere and, hence, before the 
appearance of photosynthetic planet life. Planetary scientists who want to 
learn about the history of Mars are therefore very interested in looking at 
ancient rocks on this world. Now that we understand the interior, surface, 
and atmosphere of Earth, we can compare it to the other planets in our solar 
system. In this chapter we will focus on the terrestrial planets Mercury, Venus, 
and Mars. We will look first at the forces that have molded them—impacts, 
volcanism, and tectonics—and then consider their atmospheres. We can also 
begin to explore where else in the solar system water exists, or ever existed, 
and speculate about whether or not sufficient water is present to have given 
nutrients to life. 


Key Ideas 


BY READING THE SECTIONS OF THIS CH F TER. YOU WILL LEARN 


OX) Comparing terrestrial planets and moons shows distinct 
similarities and dramatic differences in appearance 

Cg> Many terrestrial world surfaces are dominated by impact 
craters revealing the age of underlying processes 


f?gl Tectonics and volcanism influence surface features 
(Atmospheres surrounding terrestrial planets vary considerably 
fgfc Evidence exists for water in locations besides Earth 
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CHAPTER 6 


(BO Comparing terrestrial planets and 
moons shows distinct similarities and 
dramatic differences in appearance 

If someday alien astronomers observe Earth from the scorching 
surface of Mercury, from above the dense clouds shrouding Venus, 
or from atop gigantic mountains of Mars with the same telescope 
technology available to our own astronomers, what might they be 
able to see? Using today’s Earthling technology from those vantage 
points, an astronomer would be unable to pick out any specific 
features or landforms on Earth less than a few hundred kilometers 
across. In much the same way, Earth astronomers face the same 
limitations in studying the other terrestrial planets and moons. To 
truly understand these other worlds, it is essential to study them 
using the most modern telescopes or, even better, at close range 
using spacecraft. Telescopes reveal that the rocky planets near the 
Sun, and some of the moons orbiting Jovian planets as natural 
satellites, do have some surface features similar to, and different 
from, Earth. 

Tiny planet Mercury is the planet closest to the Sun. Whereas 
naked-eye observations of Mercury are best made at dusk or dawn 
when the Sun is blocked by Earth’s horizon, you might be sur¬ 
prised to discover that the best telescopic views are instead ob¬ 
tained in the daytime when the planet is high in the sky, far above 
the degrading atmospheric effects occurring near the horizon. The 
photograph in Figure 6-la, which is among the finest Earth- 
based views of Mercury, was taken during daytime. Only recently 
has Mercury been visited close up by spacecraft, and, as of this 
writing, astronomers are still trying to uncover this tiny planet’s 
history. 

While an Earth-based telescope reveals some curious surface 
details on Mercury, Venus appears almost completely featureless, 
with neither clearly noticeable continents nor mountains. It took 
astronomers a while to realize that they were not seeing the true 
surface of the planet. Rather, we now understand that Venus is 
covered by a thick, unbroken layer of clouds that hides the rugged 


nature of its waterless surface. A heat-capturing cloud layer also 
explains why Venus reflects such a large fraction of sunlight, making 
it shine brilliantly in the sky. Direct evidence that Venus has a thick 
atmosphere came when nineteenth-century astronomers observed 
Venus near the time of inferior conjunction. This is when Venus lies 
most nearly between Earth and the Sun, so that we see the planet 
lit from behind. As Figure 6-lb shows, sunlight is scattered by Ve¬ 
nus’s atmosphere, producing a luminescent ring around the planet 
that would not otherwise be present. No such ring is seen around 
Mercury at inferior conjunction, which indicates that Mercury has 
no appreciable atmosphere. 

Unlike cloud-shrouded Venus, Mars has a thin, almost cloudless 
atmosphere that permits a clear view of the surface. Under the right 
conditions, even a relatively small telescope can reveal substantial 
detail on the Martian surface. Figure 6-lc shows an image of Mars 
during 2003, when Mars’s orbit brought it closer to Earth than it 
had been in several thousand years. The thin strip of blue and or¬ 
ange around the right-hand edge of Mars in this image is caused by 
the Martian atmosphere. This image also shows that different parts 
of the Martian surface have different colors. Most striking are the 
whitish ice caps at the Martian poles, which bear a striking super¬ 
ficial resemblance to the Arctic and Antarctic regions on Earth. 

What we can easily see is that the planets Mercury, Venus, and 
Mars have some similarities to Earth and our Moon, but some 
dramatic differences, too. What can we learn about these objects in 
terms of comparing them to our home planet, Earth? There are clues 
to each terrestrial planet’s age and interior found etched into their 
surfaces and these clues are the topics of our next two sections: 
impact craters, tectonics, and volcanism. 

( ConceptCheck 6-1: ) If we build bigger visible light telescopes, 
will astronomers finally be able to see the surface of Venus? 

Answer appears at the end of the chapter. 



Figure 6-1 R I V U X G 

Earth-Based Views of Mercury, Venus, and Mars (a) Hazy markings are faintly visible in 
this photograph of Mercury one of the best ever produced with an Earth-based telescope. 
Note that Mercury goes through phases like Venus (see Figure 3-10). (b) Venus at inferior 
conjunction shows its atmosphere as a faint ring surrounding the planet. This photograph 


was processed to reveal the ring, which is too faint to show in Figure 3-10. (c) A 25-cm (10- 
in.) telescope with a CCD detector (see Section 2-6) was used to make this image of Mars. 
(a: New Mexico State University Observatory; b: Lowell Observatory; c: Courtesy of 
Sheldon Faworski and Donald Parker) 
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Many terrestrial world surfaces are 
dominated by impact craters revealing the 
age of underlying processes 

Probably one of the first things an observer notices about our Moon 
is that it is pockmarked with circular depressions. The same is true 
for many of the images of terrestrial planets and other moons. But 
where do these craters come from, and how do they change a plan¬ 
etary landscape? 

What Creates an Impact Crater? 

When the Bavarian astronomer Franz Gruithuisen proposed in 
1824 that the craters seen on the Moon could be the result of im¬ 
pacts from flying space debris, a major problem for his theory was 
the observation that nearly all craters are circular. If craters were 
merely gouged out by high-speed rocks, a rock striking the Moon 
in any direction except straight downward would have created a 
noncircular crater. A century after Gruithuisen, it was realized that 
an impactor colliding with the Moon generates a shock wave in the 
lunar surface that spreads out from the point of impact. Perhaps 
surprisingly, a shock wave produces a nearly perfectly circular crater 
no matter in what direction the incoming impactor moves. (In a 
similar way, the craters made by artillery shells are almost always 
circular.) Many of the larger lunar craters also have a central peak, 
which is characteristic of a high-speed impact (Figure 6-2a). Craters 
made by other processes, such as volcanic action, would not have 
central peaks of this kind. But what object could create such a 
crater? 

The planets orbit the Sun in nearly circular orbits (see Figure 
4-1), but many asteroids and comets follow more elongated orbits. 
Such an elongated orbit can put these small objects on a collision 


course with a planet or satellite. If an object collides with a Jovian 
planet, it is swallowed up by the planet’s thick atmosphere. (As¬ 
tronomers actually saw an event of this kind in 1994, when a comet 
crashed into and was swallowed up by Jupiter.) But if the object 
collides with the solid surface of a terrestrial planet or a satellite, 
the result is an impact crater (see Figure 6-2). Such impact craters, 
found throughout the solar system, offer stark evidence of these 
violent collisions. 

( ConceptCheck 6-2:3 What shape of crater will an oval-shaped 
impactor, 30 km long and 10 km wide, make if it collides with Earth? 

Answer appears at the end of the chapter. 

Cratering Measures Geologic Activity 

Not all planets and satellites show the same amount of cratering. 
The Moon is heavily cratered over its entire surface, sometimes with 
craters on top of craters, as shown in Figure 6-2a. On Earth, by 
contrast, craters seem to be very rare: Geologists have identified 
fewer than 200 impact craters on our planet (Figure 6-2b). Our 
understanding is that both Earth and the Moon formed at nearly 
the same time and have been bombarded at comparable rates over 
their history. Why, then, are craters so much rarer on Earth than on 
the Moon? 

The answer is that Earth is a geologically active planet. Be¬ 
cause of plate tectonics, the continents slowly change their posi¬ 
tions over eons. New material flows onto the surface from the 
interior in volcanic eruptions or from seafloor spreading, and old 
surface material is pushed back into the interior. These processes, 
coupled with erosion from wind, water, and ice, cause craters on 
Earth to be erased over time. The few craters found on Earth today 
must be relatively recent, since there has not yet been time to erase 
them. 




(a) A crater on the Moon 


(b) A crater on Earth 



(c) A crater on Mars 


Figure 6-2 R I V U X G 

Impact Craters These images, all taken from spacecraft, show impact craters on three 
different worlds, (a) The Moons surface has craters of all sizes. The large crater near the 
middle of this image is about 80 km (50 miles) in diameter, equal to the length of San 
Francisco Bay. (b) Manicouagan Reservoir in Quebec is the relic of a crater formed by 
an impact more than 200 million years ago. The crater was eroded over the ages by the 


advance and retreat of glaciers, leaving a ring lake 100 km (60 miles) across, (c) Lowell 
Crater in the southern highlands of Mars is 201 km (125 miles) across. Like the image of the 
Moon in (a), there are craters on top of craters. Note the light-colored frost formed by 
condensation of carbon dioxide from the Martian atmosphere, (a: NASA; b: JSC/NASA; 
c: NA SA/JPL/MSSS) 
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The Moon, by contrast, is essentially geologically inactive. 
There are no volcanoes and no motion of continents (and, indeed, 
no continents). Furthermore, the Moon has neither oceans nor an 
atmosphere, so there is no erosion as we know it on Earth. With 
none of the processes that tend to erase craters on Earth, the Moon’s 
surface remains pockmarked with the scars of billions of years of 
impacts. 

As we saw in Chapter 5, in order for a planet to be geologically 
active, its interior must be at least partially molten, so that conti¬ 
nents can slide around on the underlying molten material and so 
that molten lava can come to the surface (see Figure 5-12). So, we 
would expect geologically inactive (and hence heavily cratered) 
worlds like the Moon to have less molten material in their interiors 
than does Earth. Investigations of these inactive worlds bear this 
out. But why is the Moon’s interior less molten than Earth’s? 

ANALOGY To see one simple answer to this question, notice that a 
large turkey or roast taken from the oven will stay warm inside for 
hours, but a single meatball will cool off much more rapidly. The 
reason is that the meatball has more surface area relative to its 
volume, so it more easily loses heat to its surroundings. A planet or 
satellite also tends to cool down as it emits electromagnetic radia¬ 
tion into space; the smaller the planet or satellite, the greater its 
surface area relative to its volume, and the more readily it radiates 
away heat (Figure 6-3). Both Earth and the Moon were probably 
completely molten when they first formed, but because the Moon 
(diameter 3476 km) is so much smaller than the Earth (diameter 
12,756 km), it has lost much of its internal heat and has a much 
more solid interior. 

By considering these differences between Earth and the Moon, 
we have uncovered a general rule for worlds with solid surfaces: 


The smaller the terrestrial world, the less internal heat it is likely to 
have retained from its formation, and, thus, the less geologic activity 
it will display on its surface. The less geologically active the world, 
the older and more heavily cratered its surface. 

This rule means that we can use the amount of cratering visible on 
a planet or satellite to estimate the age of its surface and how geo¬ 
logically active it is. 

As for all rules, there are limitations and exceptions to the rule 
relating a world’s size to its geologic activity. One limitation is that 
the four terrestrial planets all have slightly different compositions, 
which affects the types and extent of geologic activity that can take 
place on their surfaces. This also complicates the relationship be¬ 
tween the number of craters and the age of the surface. An im¬ 
portant exception to our rule is Jupiter’s satellite Io, which we’ll 
cover in more detail later in the chapter (see Box 6-1 on pages 154 
and 155). Despite its small size, it is the most volcanic world in the 
solar system. But despite these limitations and exceptions, the rela¬ 
tionships between a world’s size, internal heat, geologic activity, and 
amount of cratering are powerful tools for understanding the ter¬ 
restrial planets and satellites. Let’s take a look at cratering on our 
Moon and the inner planets. 

The History of Lunar Cratering By correlating the ages of Moon rocks 
with the density of craters at the sites where the rocks were collected 
by NASA astronauts, geologists have found that the rate of impacts 
on the Moon has changed dramatically over the ages. The ancient, 
heavily cratered lunar highlands are evidence of an intense bom¬ 
bardment that dominated the Moon’s early history. For nearly a 
billion years, rocky debris left over from the formation of the plan¬ 
ets rained down upon the Moon’s young surface. As Figure 6-4 



Planet #1 



Compared to planet #1, planet #2: 

— has Vi the radius 

— has Va the surface area (so it can 
lose heat only Va as fast) 

— but has only Vs the volume (so it 
has only Vs as much heat to lose) 

Hence compared to planet #1, 
planet #2: 

— will cool off more rapidly 

— will sustain less geologic activity 

— will have more craters 


Planet #2 

Figure 6-3 

Planet Size and Cratering Of these two hypothetical planets, the smaller one (#2) has less 
volume and less internal heat, as well as less surface area from which to radiate heat into 
space. But the ratio of surface area to volume is greater for the smaller planet. Hence, the 
smaller planet will lose heat faster, have a colder interior, and be less geologically active. It 
will also have a more heavily cratered surface, since it takes geologic activity to erase craters. 
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Early heavy bombardment cratered the entire Moon 
— the lunar highlands are relics of this period. 


Late heavy bombardment between 4.0 and 3.8 
billion years ago created giant impact basins 
that became the maria. 


There has been very little bombardment 
during the past 3.8 billion years. 
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4.47 billion years: age of the oldest Moon rocks 


Figure 6-4 

The Rate of Crater Formation on the Moon This graph shows the rate at 
which impact craters formed over the Moon’s history. The impact rate today is only about 
1/10,000 as great as during the most intense bombardment. (Adapted from T. Grotzinger, 
T. H. Jordan, F. Press, and R. Siever, Understanding Earth, 5th ed., W. H. Freeman, 2007) 
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shows, this barrage extended from 4.56 billion years ago, when the 
Moon’s surface solidified, until about 3.8 billion years ago. At its 
peak, this bombardment from space would have produced a new 
crater of about 1 km radius somewhere on the Moon about once 
per century. (If this seems like a long time interval, remember that 
we are talking about a bombardment that lasted hundreds of mil¬ 
lions of years and produced millions of craters over that time.) 

The rate of impacts should have tapered off as small debris left 
over from the formation of the solar system was swept up by the 
newly formed planets. In fact, radioactive dating shows that the 
impact rate spiked upward between 4.0 and 3.8 billion years ago 
(see Figure 6-4). One proposed explanation is that the much larger 
orbits of Jupiter and Saturn changed slightly but suddenly, about 
4.0 billion years ago during the process of settling into their present- 
day orbits. This would have changed the gravitational forces that 
these planets exerted on the asteroid belt, disturbing the orbits of 
many asteroids and sending them careering toward the inner solar 
system. 

Whatever the explanation for the final epoch of heavy bom¬ 
bardment, major impacts during this period gouged out the mare 
basins. Between 3.8 and 3.1 billion years ago iron-rich magma 
oozed up from the Moon’s still-molten mantle, flooding the Moon’s 
smooth dark basins with lava that solidified to form the dark 
rocks we see on the surface. The relative absence of craters in the 
Moon’s smooth dark regions (Figure 6-5) tells us that the impact 
rate has been quite low since the lava making them solidified. Dur¬ 
ing these past 3.1 billion years the Moon’s surface has changed 
very little. 



Figure 6-5 R I V U X G 

Mare Imbrium from Earth Mare Imbrium is the largest of 14 dark plains that dominate 
the Earth-facing side of the Moon. Its diameter of 1100 km (700 mi) is about the same as 
the distance from Chicago to Philadelphia or from London to Rome. The maria formed 
after the surrounding light-colored terrain, so they have not been exposed to meteoritic 
bombardment for as long and hence have fewer craters. (Carnegie Observatories) 


(ConceptCheck 6-3:) How would a graph showing the rate of 
crater formation on the Moon appear if the Moon’s impact rate had 
instead been constant over the past 3 billion years? 

Answer appears at the end of the chapter. 

Mercury's Cratered Surface On first glance, the planet Mercury might 
look nearly identical to pictures you have seen of the Moon. Figure 
6-6 shows a typical close-up view of Mercury confirming that it 
indeed looks quite a bit like Earth’s Moon. Unlike the Moon, Mer¬ 
cury’s surface has extensive low-lying plains (examine the upper 
half of Figure 6-6). These large, smooth areas are about 2 km lower 
than the cratered terrain. These areas probably have an origin simi¬ 
lar to our Moon’s smooth basins. Primordial lava flows probably 
also explain the plains of Mercury. As large impactors punctured 
the planet’s thin, newly formed crust, lava welled up from the mol¬ 
ten interior to flood low-lying areas. 

Spacecraft have also revealed numerous long cliffs, called 
scarps, meandering across Mercury’s surface (Figure 6-7). Some 
scarps rise as much as 3 km (2 mi) above the surrounding plains 
and are 20 to 500 km long. These cliffs probably formed as the 
planet cooled and contracted. 

ANALOGY The shrinkage of Mercury’s crust is probably a result of 
a general property of most materials: They shrink when cooled and 
expand when heated. The lid on a jar of jam makes a useful analogy. 
When the jar is kept cold in the refrigerator, the metal lid contracts 
more than the glass jar. This makes a tight seal but also makes the 
lid hard to unscrew. You can loosen the lid by running hot water 
over it; this makes the metal lid expand more than the glass jar, 
helping to break the seal. 



Figure 6-6 R I V U X G 

Mercurian Craters and Plains This view of Mercury’s northern hemisphere 
was taken by Mariner 10 at a range of 55,000 km (34,000 mi) from the planet’s surface. 
Numerous craters and extensive intercrater plains appear in this photograph, which covers 
an area 480 km (300 mi) wide. (NASA) 
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Figure 6-7 R I V U X G 

A Scarp A long cliff, or scarp, called Santa Maria Rupes runs across this 
Mariner 10 image. This scarp is more than a kilometer high and extends for several hundred 
kilometers across a region near Mercury’s equator. The area shown is approximately 200 km 
(120 mi) across. (NASA) 

If there had still been molten material beneath Mercury’s sur¬ 
face when this contraction took place, lava would have leaked onto 
the surface around the scarps. This does not appear to have hap¬ 
pened. Therefore, the scarps must have formed relatively late in 
Mercury’s history, after the lava flows had ended and after the 
planet had solidified to a substantial depth beneath the surface. With 
the exception of the scarps, there are no features on Mercury that 
resemble the boundaries of tectonic plates. Thus, we can regard 
Mercury’s crust, like that of the Moon, as a single plate. 

When observing pictures of planets, astronomers are most ex¬ 
cited when they find something that seems unusual. The most im¬ 
pressive feature on Mercury discovered by early spacecraft was a 
huge impact scar called the Caloris Basin (calor is the Latin word 
for “heat”). The Caloris Basin (Figure 6-8), which measures 1300 
km (810 mi) in diameter, both contains and is surrounded by 
smooth lava plains. The basin was probably gouged out by the 
impact of a large meteoroid that penetrated the planet’s crust, al¬ 
lowing lava to flood out onto the surface and fill the basin. Because 
relatively few craters pockmark these lava flows, the Caloris impact 
must be relatively young. It must have occurred toward the end of 
the crater-making period that dominated the first 700 million years 
of our solar system’s history. 

The impact that created the huge Caloris Basin must have been 
so violent that it shook the entire planet. On the side of Mercury 
opposite the Caloris Basin, spacecraft have discovered a conse¬ 
quence of this impact—a jumbled, hilly region covering about 
500,000 square kilometers, about twice the size of Wyoming. Ge¬ 
ologists theorize that seismic waves from the Caloris impact became 
focused as they passed through Mercury. As this concentrated seis¬ 
mic energy reached the far surface of the planet, it deformed the 
surface and created jumbled terrain. 

In recent years, radar observations have detected patches at 
Mercury’s north and south poles that are unusually effective at 
reflecting radio waves. It has been suggested that these patches 
may be regions of water ice deep within craters where the Sun’s 
rays never reach. If this is correct, then Mercury is truly a world 



Figure 6-8 Rl VUXG 

The Caloris Basin An impact created this 1300-km (810-mi) diameter basin on Mercury 
about 4 billion years ago. Its center is hidden in the shadows just beyond the left side of 
the image. The impact fractured the surface extensively, forming several concentric chains 
of mountains. The mountains in the outermost ring are up to 2 km (6500 ft) high. (NASA) 

of extremes, with perpetual ice caps at one or both poles but 
with midday temperatures at the equator that are high enough to 
melt lead. 

( ConceptCheck 6-4:) What could you infer about the age of the 
giant and nearly smooth Caloris Basin on Mercury if instead it was 
covered with impact craters? 

Answer appears at the end of the chapter. 

Fewer Craters on Venus and Mars Indicates Geologic Activity On 

Venus, by comparison, there are only about a thousand craters 
larger than a few kilometers in diameter, many more than have been 
found on Earth but only a small fraction of the number on the 
Moon or Mercury. Venus is only slightly smaller than the Earth, 
and it has enough internal heat to power the geologic activity re¬ 
quired to erase most of its impact craters. 

Mars is an unusual case, in that extensive cratering (Figure 
6-2c) is found only in the higher terrain; the lowlands of Mars are 
remarkably smooth and free of craters. Thus, it follows that the 
Martian highlands are quite old, while the lowlands have a younger 
surface from which most craters have been erased. Considering the 
planet as a whole, the amount of cratering on Mars is intermediate 
between that on Mercury and Earth. This agrees with our general 
rule, because Mars is intermediate in size between Mercury and 
Earth. The interior of Mars was once hotter and more molten than 
it is now, so that geologic processes were able to erase some of the 
impact craters. A key piece of evidence that supports this picture is 
that Mars has a number of immense volcanoes (Figure 6-9). These 
were active when Mars was young, but as this relatively small planet 
cooled down and its interior solidified, the supply of molten 
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Figure 6-9 R I V U X G 

A Martian Volcano Olympus Mons is the largest of the inactive volcanoes of Mars and 
the largest volcano in the solar system. The base of Olympus Mons measures 600 km (370 
mi) in diameter, and the scarps (cliffs) that surround the base are 6 km (4 mi) high. The 
caldera, or volcanic crater, at the summit is approximately 70 km across, large enough to 
contain the state of Rhode Island. This view was creating by combining a number of images 
taken from Mars orbit. (© Calvin J. Hamilton) 


material to the volcanoes from the Martian interior was cut off. As 
a result, all of the volcanoes of Mars are now inactive. 

To study Venus and Mars, we need to take a deeper look at 
volcanism and tectonics on each of these planets. 

(ConceptCheck 6-5:) What will happen to the tire tracks left on 
the Moon from the 1960s and 1970s from the “Moon-buggy” used by 
U.S. astronauts to explore the Moon? 

Answer appears at the end of the chapter. 


6-3 


I Tectonics and volcanism influence 


surface features 


Whereas the Moon and Mercury look similar from a 
^ distance, Venus and Mars appear radically different. 

Venus is nearly the size of Earth and has a thick atmo¬ 
sphere, while Mars is much smaller and has only a thin atmosphere. 
Yet spacecraft observations reveal that these two worlds have many 
surface features in common, including volcanoes and impact 
craters. 

Scientists use orbiting spacecraft to map planets in great detail. 
To make a detailed study of a planet’s surface, a spacecraft that 
simply flies by the planet taking a few digital photographs doesn’t 
provide enough information. Instead, it is necessary to place a space¬ 
craft in long-term orbit around the planet. Since the 1970s, a num¬ 
ber of spacecraft have been placed in orbit around Venus and Mars, 
yielding amazingly detailed information about their surfaces. Once 
a detailed surface map is made, inferences about the nature of deep 
planetary interiors can then be proposed. 

In order to map the surface of Venus through the perpetual 
cloud layer, several of the Venus orbiters carried radar devices. A 


beam of microwave radiation from the orbiter easily penetrated 
Venus’s clouds and reflected off the planet’s surface; a receiver on 
the orbiter then detected the reflected beam. Different types of ter¬ 
rain reflect microwaves more or less efficiently, so astronomers have 
been able to construct a map of the Venusian surface by analyzing 
the reflected radiation. 

Magellan, the most recent spacecraft to orbit Venus, also 

carried a radar altimeter that bounced microwaves di- 
^8^ rectly off the ground beneath the spacecraft. By measur¬ 
ing the time delay of the reflected waves, astronomers can determine 
the height and depth of Venus’s terrain. 

By contrast, a Mars orbiter can use a more conventional tele¬ 
scope to view the Martian surface through that planet’s thin atmo¬ 
sphere. Instead of using a radar altimeter to map surface elevations, 
the Mars Global Surveyor spacecraft (which entered Mars orbit in 
1997) used a laser beam for the same purpose. 

Figure 6-10 and Figure 6-11 show topographic maps of Venus 
and Mars derived using radar and laser altimeters respectively. 
(Note that the scale of these two maps is different: The diameter of 
Mars is only 56% as large as the diameter of Venus.) The topogra¬ 
phies of both worlds differ in important ways from that of Earth. 
Our planet has two broad classes of terrain: About 71% of the 
surface is oceanic crust and about 27% is continental crust that 
rises above the ocean floors by about 4-6 km on average. On Venus, 
by contrast, about 60% of the terrain lies within 500 m of the aver¬ 
age elevation, with only a few localized highlands (shown in yellow 
and red in Figure 6-10). Mars is different from both Earth and 
Venus: Rather than having continents scattered among low-lying 
ocean floors, all of the high terrain on Mars (shown in red and 
orange in Figure 6-11) is in the southern hemisphere. Hence, plan¬ 
etary scientists refer to Mars as having northern lowlands and 
southern highlands. 

Tectonics on Venus: A Thin Crust 

Whereas Mars seems to have a relatively thick crust, Venus has a 
relatively thin crust. Before radar maps like Figure 6-10 were avail¬ 
able, scientists wondered whether Venus had plate tectonics like 
those that have remolded the face of Earth. Venus is only slightly 
smaller than Earth and should have retained enough heat to sustain 
a molten interior and the convection currents that drive tectonic 
activity on Earth. If this were the case, then the same tectonic effects 
might also have shaped the surface of Venus. Earth’s hard outermost 
layer is broken into about a dozen large plates that slowly shuffle 
across the globe (see Figure 5-13). 

Radar images from Magellan show no evidence of Earthlike 
tectonics on Venus. On Earth, long chains of volcanic mountains 
(like the Cascades in North America or the Andes in South America) 
form along plate boundaries where subduction is taking place. 
Mountainous features on Venus, by contrast, do not appear in 
chains. There are also no structures like Earth’s Mid-Atlantic Ridge 
(see Figure 5-10), which suggests that there are no places where 
Venus’s surface is tectonically spreading apart, such as occurs on 
Earth. With no converging or spreading tectonic plates, there can 
have been only limited horizontal changes of Venus’s lithosphere. 
Thus, like the crusts of the Moon and Mercury, Venus’s crust is 
composed of only one plate. 












Figure 6-10 R I V U X G 

A Topographic Map of Venus Radar altimeter measurements by Magellan were used 
to produce this topographic map of Venus. Color indicates elevations above (positive 
numbers) or below (negative numbers) the planet’s average radius. (The blue areas are not 


oceans!). Gray areas were not mapped by Magellan. Flat plains of volcanic origin cover 
most of the planet’s surface, with only a few continentlike highlands. (Peter Ford, MIT; 
NASA/JPL) 




, Figure 6-11 R I V U X G 

A Topographic Map of Mars This map was generated from measurements 
made by the laser altimeter on board the Mars Global Surveyor spacecraft. As in Figure 
6-10, color indicates elevations above or below the planet’s average radius. Most of the 
southern hemisphere lies several kilometers above the northern hemisphere, with the 


exception of the immense impact feature called Hellas Planitia. The landing sites for 
Viking Landers l and 2 (VL1 and VL2), Mars Pathfinder (MP), and the Mars Exploration 
Rovers (Spirit and Opportunity ) are each marked with an X. (MOLA Science Team, 
NASA/GSFC) 
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3. These “streaks” are 
other fractures or faults 
that have occurred since 
the crater was formed. 


2. Later, a fault in the 
crust formed this deep 
valley, destroying half 
of the crater. 

rKfff&'jnfv 


1. This crater was 
formed by a 
meteoroid impact. 


Figure 6-12 R I V U X G 

A Partially Obliterated Crater on Venus This Magellan image shows how the right 
half of an old impact crater 37 km (20 mi) in diameter was erased by a fault in the crust. 
This crater lies in Beta Regio (see the left side of Figure 6-10). Most features on Venus are 
named for women in history and legend; this crater commemorates Emily Greene Batch, an 
American economist and sociologist who won the 1946 Nobel Peace Prize. (NASA/JPL) 


Unlike the Moon, however, Venus has had some dramatic, but 
localized, small-scale deformations and reshaping of the surface. 
One piece of evidence for this is that roughly a fifth of Venus’s 
surface is covered by folded and faulted ridges. Further evidence 
comes from close-up Magellan images, which show that Venus has 


about a thousand craters larger than a few kilometers in diameter, 
many more than have been found on Earth, but as noted, only a 
small fraction of the number on the Moon or Mercury. The number 
of craters on Venus indicates that the Venusian surface is roughly 
500 million years old. This is about twice the age of Earth’s surface 
but much younger than the surfaces of the Moon or Mercury, each 
of which is billions of years old. No doubt Venus was more heavily 
cratered in its youth, but localized activity in its crust has erased 
the older craters (Figure 6-12). 

Surprisingly, Venus’s craters are uniformly scattered across 
the planet’s surface. We would expect that older regions on the 
surface—which have been exposed to bombardment for a longer 
time—would be more heavily cratered, while younger regions would 
be relatively free of craters. For example, the ancient highlands on 
the Moon are much more heavily cratered than the younger and 
smoother, dark surfaces. Because such variations are not found on 
Venus, scientists conclude that the entire surface of the planet has 
essentially the same age. This is very different from Earth, where 
geological formations of widely different ages are found. 

One model that can explain these features suggests that the 
convection currents in Venus’s interior are actually more vigorous 
than those inside Earth, but that the Venusian crust is much thinner 
than the continental crust on Earth. Rather than sliding around like 
the plates of the Earth’s crust, the thin Venusian crust stays in 
roughly the same place but undergoes wrinkling and flaking (Figure 
6-13). Thus, this model is called “flake tectonics.” (The Earth, too, 
may have displayed flake tectonics billions of years ago when its 
interior was hotter.) 




7. As the mantle moves around, blobs of hot 
lava bubble up to form large landmasses, 
mountains, and volcanic deposits. 


6. The surface crust breaks up 
into flakes or crumples like 
a rug. 


3. Where plates 
converge, a cooled 
plate is dragged 
under the neighboring 
plate,... 


4. ...sinks, warms, and 
rises again. 


5. On Venus, in contrast, convection 
currents are more vigorous. They 
prevent thick crust from forming, 
and push and stretch the 
thin crust that does form. 


2. ...causing plates to 
form and diverge. 


1. On Earth, hot matter from 
the mantle rises,... 


Figure 6-13 

Plate Tectonics Versus Flake Tectonics This illustration shows the difference between 
plate tectonics on Earth and the model of flake tectonics on Venus. (Adapted from 


T. Grotzinger, T. H. Jordan, F. Press, and R. Siever, Understanding Earth, 5th ed., W. H. 
Freeman, 2007) 
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CHAPTER 6 


(ConceptCheck 6-6? ) What does the absence of mountain chains 
on Venus’s surface suggest about the number of plates that cover its 
surface? 

Answer appears at the end of the chapter. 

Tectonics on Mars: A Thick, Rigid Crust 

Like Venus, Mars lacks the global network of ridges and subduction 
zones that plate tectonics has produced on Earth. Hence, the entire 
crust of Mars makes up a single tectonic plate, as is the case on the 
Moon, Mercury, and Venus. The explanation, however, is quite dif¬ 
ferent from that for Venus. Because Mars is a much smaller world 
than Earth or Venus, the outer layers of the red planet have cooled 
more extensively. Thus, Mars lacks plate tectonics because its crust 
is too thick for one part of the crust to be subducted beneath an¬ 
other. We see that for a terrestrial planet to have plate tectonics, the 
crust must not be too thin (like Venus) or too thick (like Mars), but 
just right (like Earth). 

Although there is no plate motion on Mars, there are features 
on the planet’s surface that indicate there has been substantial mo¬ 
tion of material in the Martian mantle. The Tharsis rise, visible in 
Figure 6-11, is a dome-shaped bulge that has been lifted 5 to 6 km 
above the planet’s average elevation. Apparently, a massive plume 
of magma once welled upward from a very deep chamber of molten 
material underlying this region. East of the Tharsis rise, a vast chasm 
runs roughly parallel to the Martian equator (Figure 6-14). If this 
canyon were located on Earth, it would stretch from Los Angeles 



the huge rift valley of Valles Marineris, which extends from west to east for more than 
4000 km (2500 mi) and is 600 km (400 mi) wide at its center. Its deepest part is 8 km (5 mi) 
beneath the surrounding plateau. At its western end is the Tharsis rise. Compare this image 


to New York. In honor of the Mariner 9 spacecraft that first revealed 
its presence in 1971, this chasm has been named Valles Marineris. 

Valles Marineris has heavily fractured terrain at its western end 
near the Tharsis rise. At its eastern end, by contrast, it is dominated 
by ancient cratered terrain. Many geologists suspect that Valles 
Marineris was caused by the same upwelling of material that formed 
the Tharsis rise. As the Martian surface bulged upward at Tharsis, 
there would have been tremendous stresses on the crust, which 
would have caused extensive fracturing. Thus, Valles Marineris may 
be a rift valley, a feature created when a planet’s crust breaks apart 
along a fault line. Rift valleys are found on Earth; two examples 
are the Red Sea (see Figure 5-14) and the Rhine River valley in 
Europe. Other, smaller rifts in the Martian crust are found all 
around the Tharsis rise. All of these features are very old, however, 
and it is thought that there has been little geologic activity on Mars 
for billions of years. 

Additional evidence that may point to ancient geologic activity 
on Mars is the crustal dichotomy between the northern lowlands 
and the southern highlands. The southern highlands are much more 
heavily cratered than either Earth or Venus, though less so than the 
Moon, while the northern lowlands are remarkably smooth and 
free of craters. (You can see this difference in Figure 6-11.) Since 
most cratering occurred early in the history of the solar system, this 
implies that the northern lowlands are relatively young, while the 
more heavily cratered southern highlands are relatively old. One 
proposed explanation is that older craters in the northern lowlands 
were erased by tectonic activity that took place long ago when the 
Martian crust had not yet cooled to its present thickness. 



(b) The central region of Valles Marineris 


with Figure 6-11. (b) This perspective image from the Mars Express spacecraft shows what 
you would see from a point high above the central part of Valles Marineris. (a: USGS/ 
NASA; b: ESA/DLR/FU Berlin, G. Neukum) 
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Maat Mons (volcano) Young lava flows 
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Lava flows from Sapas Mons 
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(a) Volcanoes and lava flows on Venus R I V U X G 
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(b) Cloud-topped volcanoes on Mars R I V U X G 


Figure 6-15 

Volcanoes on Venus and Mars (a) The false color in this computer-generated perspective 
view suggests the actual color of sunlight that penetrates Venus’s thick clouds. The brighter 
color of the extensive lava flows indicates that they reflect radio waves more strongly. To 
emphasize the gently sloping volcanoes, the vertical scale has been exaggerated 10 times. 


(b) The volcanoes of Mars also have gently sloping sides. In this view looking down from 
Mars orbit you can see bluish clouds topping the summits of the volcanoes. These clouds, 
made of water ice crystals, form on most Martian afternoons, (a: NASA, JPL Multimission 
Image Processing Laboratory; b: NASA/JPL/Malin Space Science Systems) 


(C onceptCheck 6-7?) What is the primary implication of Mars 
having plates that are significantly thicker than those of Earth or Venus? 

Answer appears at the end of the chapter. 

Volcanoes on Venus and Mars 

Radar images of Venus and visible-light images of Mars show that 
both planets have a number of large volcanoes (Figure 6-15). The 
Venus-orbiting Magellan spacecraft observed more than 1600 major 
volcanoes and volcanic features on Venus, two of which are shown 
in Figure 6-\Sa. Both of these volcanoes have gently sloping sides. A 
volcano with this characteristic is called a shield volcano, because in 
profile it resembles an ancient Greek warrior’s shield lying on the 
ground. Martian volcanoes are less numerous than those on Venus, 
but they are also shield volcanoes; the largest of these, Olympus 
Mons, is the largest volcano in the solar system (Figure 6-15b). 
Olympus Mons rises 24 km (15 mi) above the surrounding plains. By 
comparison, the highest volcano on Earth, Mauna Loa in the Ha¬ 
waiian Islands, has a summit only 8 km (5 mi) above the ocean floor. 

Most volcanoes on Earth are found near the boundaries of tec¬ 
tonic plates, where subducted material becomes molten magma and 
rises upward to erupt from the surface. This cannot explain the vol¬ 
canoes of Venus and Mars, since there are no subduction zones on 
those planets. Instead, Venusian and Martian volcanoes probably 
formed by magma welling upward from a hot spot in a planet’s man¬ 
tle, elevating the overlying surface and producing a shield volcano. 

On Earth, hot-spot volcanism is the origin of the Hawaiian 
Islands. These islands are part of a long chain of shield volcanoes 
that formed in the middle of the Pacific tectonic plate as that plate 
moved over a long-lived hot spot (Figure 6-16). On Venus and 



Figure 6-16 

Hot-Spot Volcanoes on Earth A hot spot under the Pacific plate has remained 
essentially stationary for 70 million years while the plate has moved some 
6000 km to the northwest. The upwelling magma has thus produced a long chain 
of volcanoes. The Hawaiian Islands are the newest of these; the oldest, the Emperor 
Seamount Chain, have eroded so much that they no longer protrude above the 
ocean surface. 
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Mars, by contrast, the absence of plate tectonics means that the 
crust remains stationary over a hot spot. On Mars, a single hot 
spot under Olympus Mons probably pumped magma upward 
through the same vent for millions of years, producing one giant 
volcano rather than a long chain of smaller ones. The Tharsis rise 
and its volcanoes (see Figure 6-11, Figure 6-142, and Figure 6-15b) 
may have formed from the same hot spot as gave rise to Olym¬ 
pus Mons. The same process of hot-spot volcanism presumably 
gave rise to large shield volcanoes on Venus like those shown in 
Figure 6-15a. 

About 80% of the surface of Venus is composed of flat plains 
of volcanic origin. In other words, essentially the entire planet is 
covered with lava! This observation shows the tremendous impor¬ 
tance of volcanic activity in Venusian geology. Most of the volca¬ 
noes on Venus are probably inactive at present, just as is the case 
with most volcanoes on Earth. But Magellan found evidence of 
recent volcanic activity, some of which may be continuing today. 
The key to estimating the amount of recent volcanic activity is that 
the radar reflectivity of volcanic materials depends on whether the 
material is relatively fresh or relatively old. By mapping these re¬ 
flectivity variations on Venus, Magellan found many areas with 
young lava flows. Some of the youngest material found by Magel¬ 
lan caps the volcano Maat Mons (see Figure G-15a). Geologists 
estimate that the topmost material is no more than 10 million years 
old and could be much younger. The presence of such young lava 
flows suggests that Venus, like Earth, has some present-day volcanic 
activity. (Are you wondering if there are other volcanoes in the 
universe? See Box 6-1: Jupiter’s Moon Io Is Covered with Active 
Volcanoes on pages 154 and 155.) 

Another piece of evidence for ongoing volcanic activity on 
Venus comes from the planet’s atmosphere (section 6-4). An erupt¬ 
ing volcano on Earth ejects substantial amounts of sulfur dioxide, 
sulfuric acid, and other sulfur compounds into the air. Many of 
these substances are highly reactive and short-lived, forming chem¬ 
ical compounds that become part of the planet’s surface rocks. For 
these substances to be relatively abundant in a planet’s atmo¬ 
sphere, they must be constantly replenished by new eruptions. 
Sulfur compounds make up about 0.015% of the Venusian atmo¬ 
sphere, compared to less than 0.0001% of Earth’s atmosphere. 
This suggests that ongoing volcanic eruptions on Venus are eject¬ 
ing sulfur compounds into the atmosphere to sustain the high 
sulfur content. 

Unlike lava flows on Venus, however, most of the lava flows 
on Mars have impact craters on them. This cratering indicates 
that most Martian lava flows are very old, and that most of 
the volcanoes on the red planet are no longer active. This is what 
we would expect from a small planet whose crust has cooled 
and solidified to a greater depth than that on Earth, making it 
difficult for magma to travel from the Martian mantle to the 
surface. 

Cosmic Connections: Putting It All Together on page 153 sum¬ 
marizes the surface features of the terrestrial planets. 


fConceptCheck 6-8 : How can astronomers estimate the age of a 
lava flow from a volcano? 

Answer appears at the end of the chapter. 


@9 Atmospheres surrounding terrestrial 

planets vary considerably 

We have talked about Earth having a special place in the solar 
system—not too close to the Sun, not too far, but just right. So, what 
is “just right” about Earth’s position as a planet where life can 
flourish? In short, Earth’s position and protective atmosphere of gas 
surrounding the planet stabilizes the liquid water that life requires 
to exist. If Earth were any closer, then any water would likely boil 
away; and if Earth were farther away, then any water would likely 
freeze. If planets nearer and farther away from the Sun have atmo¬ 
spheres so different from Earth, what are they like? Mercury has a 
daytime temperature too high and gravity too weak to retain any 
substantial atmosphere, so it won’t get our attention here. We have 
seen that the three large terrestrial planets—Earth, Venus, and 
Mars—display very different types of geologic activity; as we will 
discover, these differences help to explain why each of these three 
worlds has a distinctively different atmosphere. However, there are 
also similarities. 

The original atmospheres of Earth, Venus, and Mars all derived 
from gases that were emitted, or outgassed, from volcanoes (Fig¬ 
ure 6-17). The gases released by present-day Earth volcanoes are 
predominantly water vapor (H 2 0), carbon dioxide (C0 2 ), sulfur 



Figure 6-17 R I V U X G 

A Volcanic Eruption on Earth The eruption of Mount St. Helens in Washington State on 
May 18,1980, released a plume of ash and gas 40 km (25 mi) high. Eruptions of this kind on 
Earth, Venus, and Mars probably gave rise to those planets’ original atmospheres. (USGS) 
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Mercury Venus Earth Mars 


How many impact craters 
appear on the surface? 


How does the size of the 
planet relate to the 
number of craters? 
(reference the “rule,” page 
144) 


What does the evidence of 
tectonics tell us? 


What does it mean that 
the Earth is “just right” for 
plate tectonics? 


What is the evidence for 
volcanoes? 


Heavily cratered areas 
and smooth low-lying 
plains 


This small planet 
quickly cooled and 
ceased geologic activity, 
so the craters remained 
undisturbed, indicating 
the surface is old. 


Scarps formed when the 
young planet cooled 
and contracted, but lack 
of evidence of lava flow 
around the scarps 
indicates the planet had 
already solidified to a 
substantial depth. There 
is no other evidence of 
tectonics. 


Mercury cooled too 
quickly to sustain the 
heat for tectonics. 


Mercury has no 
evidence of volcanoes. 


Only about a few 
thousand craters, 
uniformly spread across 
the planet’s surface 

Only slightly smaller 
than Earth, Venus has 
the internal heat to 
power geologic activity. 
Tectonic evidence, 
below, explains why not 
all craters have been 
erased. 

Dramatic, but small- 
scale deformations have 
reshaped the surface, 
but there are no 
mountain chains and no 
evidence (like the 
Earth’s Mid-Atlantic 
Ridge) of plates 
spreading. Instead of 
plate tectonics, Venus 
undergoes “flake 
tectonics.” 

Venus’s crust is one 
single plate and it is too 
thin for plate tectonics. 


80% of Venus is 
composed of flat plains 
of volcanic origin. 
Volcanoes would 
develop from a “hot 
spot,” a single place 
that would produce one 
giant volcano, rather 
than a chain. There may 
be some present-day 
volcanic activity. 


Few craters: approx. 200 


Earth is large enough to 
retain internal heat to 
be geologically active. 
Hence, craters are 
“erased” and the surface 
is relatively young. 


Earth has moving plates 
that collide into 
mountain ranges, 
subduct back into the 
mantle, and create new 
surfaces when plates 
separate. 


Earth’s crust isn’t too 
thin or too thick, so it’s 
just right for plate 
tectonics 

Earth has volcanoes, 
primarily at the plate 
boundaries, where 
subducted material 
becomes molten magma 
and rises upward to 
erupt. Volcanoes may 
appear in chains, as a 
plate moves over a “hot 
spot.” 


Heavily cratered in 
highlands; lowlands are 
smooth and free of 
craters 

Intermediate size 
between Mercury and 
Earth, the once hot 
interior erased some 
craters before the 
interior solidified. 


Like Venus, Mars 
lacks the ridges and 
subduction zones 
that plate tectonics 
produces. The crust is 
one single plate. The 
Martian bulge at the 
Tharsis rise and the rift 
at the Valles Marineris 
are indicators of ancient 
geologic activity. 


Mars’s crust is also a 
single plate, but it is 
too thick for plate 
tectonics. 

Any number of immense 
volcanoes were active 
when Mars was young. 
Like on Venus, they 
formed over a single 
“hot spot.” Now all are 
inactive. 
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CHAPTER 6 


BOX 6-1 


L 


The Heavens on Earth 


Jupiter's Moon lo Is Covered with Active Volcanoes 

f active volcanoes are seemingly absent from the inner planets 
and their moons, other than Earth, one wonders if there are 
volcanoes anywhere else in the solar system. As it turns out, there 
are volcanoes active elsewhere in the solar system at this very 
moment! One of the most fascinating isn’t on a planet at all, but 
on the strangely colored moon closet to planet Jupiter. 

Before spacecraft visited the Jovian moons, scientists believed 
that these natural satellites would be worlds much like our own 
Moon—geologically dead, with little internal heat available to 
power tectonic or volcanic activity. They thought that all of Ju¬ 
piter’s moons would be extensively cratered, because there would 
have been little geologic activity to erase those craters over the 
satellite’s history. 


One of Jupiter’s moons, Io, proved to be utterly different from 
these naive predictions. On March 5, 1979, Voyager 1 came 
within 21,000 kilometers (13,000 miles) of Io and began sending 
back a series of bizarre and unexpected pictures of the satellite 
(Figure B6-1.1). These images showed that Io has no impact cra¬ 
ters at all! Instead, the surface is pockmarked by irregularly 
shaped pits and is blotched with color. 

More recently, the Galileo spacecraft, which came as close 
as 200 km to Io’s surface during its eight years in orbit around 
Jupiter, returned detailed images of several volcanic plumes 
(Figure B6-1.2Z?). These plumes rise to astonishing heights of 70 
to 280 km above Io’s surface. To reach such altitudes, the mate¬ 
rial must emerge from volcanic vents with speeds between 300 
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Figure B6-1.1 R I V U X G 


Io Mosaic of lo’s two hemispheres built up from 
/ovaeer images. (NASA/IPL) 



Figure B6-1.2 RIVUXG 

Volcanic Plumes on lo (a) lo’s volcanic 
eruptions were first discovered on this 
Voyager image, (b) This Galileo image shows 
plumes from the volcanoes Prometheus and 
Zamama. (a: NASA; b: Planetary Image 
Research Laboratory/University of 
Arizona/JPL/NASA) 
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and 1000 m/s (700 to 2200 mi/h). Even the most violent ter¬ 
restrial volcanoes have eruption speeds of only around 100 m/s 
(220 mi/h). Scientists began to suspect that Io’s volcanic activ¬ 
ity must be fundamentally different from volcanism here on 
Earth. 

As it turns out, as Io moves around its orbit, Jupiter and its 
other moons exert gravitational tugs on it in a regular, rhythmic 
fashion, alternately squeezing and flexing the innermost moons. 
Just as a ball of clay or bread dough gets warm as you knead it 
between your fingers, this squeezing and flexing causes heating of 
Io’s interior. This results in unexpected, yet widespread and recur¬ 
rent surface volcanism on Io. 

An important clue about how volcanoes on Io are different 
than volcanoes on Earth came from the infrared spectrometers 
aboard Voyager 1, which detected abundant sulfur and sulfur di¬ 
oxide in Io’s volcanic plumes. This led researchers to suggest that 
the plumes are actually more like geysers than volcanic eruptions. 
In geysers on Earth, water seeps down to volcanically heated 
rocks, where it changes to steam and erupts explosively through 
a vent. Planetary geologists Susan Kieffer, Eugene Shoemaker, and 
Bradford Smith suggested that sulfur dioxide, rather than water, 
could be the principal propulsive agent driving volcanic plumes 
on Io. Sulfur dioxide is a solid at the frigid temperatures found 
on most of Io’s surface, but it should be molten at depths of a few 
kilometers. Just as the explosive conversion of water into steam 
produces a geyser on Earth, the conversion of liquid sulfur dioxide 
into a high-pressure gas could result in eruption velocities of up 
to 1000 m/s on Io. 

ypfcQ 6 Io’s dramatic coloration (see Figure B6-1.1) is probably 
due to sulfur and sulfur dioxide, which are ejected in 
volcanic plumes and later fall back to the surface. Sulfur 


is normally bright yellow, which explains the dominant color of 
Io’s surface. But if sulfur is heated and suddenly cooled, as would 
happen if it were ejected from a volcanic vent and allowed to fall 
to the surface, it can change to orange, red, or black. Indeed, these 
colors are commonly found around active volcanic vents (Figure 
B6-1.3). Whitish surface deposits (examine Figure B6-1.1 and 
Figure B6-1.3^), by contrast, are probably due to sulfur dioxide 
(S0 2 ). Volcanic vents on Earth commonly discharge S0 2 in the 
form of an acrid gas. But on Io, when hot S0 2 gas is released by 
an eruption into the cold vacuum of space, it crystallizes into 
white snowflakes. This sulfur dioxide “snow” then falls back onto 
Io’s surface. 

What is beneath Io’s constantly changing surface? We have 
never landed a spacecraft on the surface of Io, but precise mea¬ 
surements of Io’s gravity taken by the Galileo spacecraft demon¬ 
strate that Io’s interior has layers. Io has a relatively large and 
dense core surrounded by a partially molten layer enclosed by a 
very thin crust. 

Io may have as many as 300 active volcanoes. Altogether, 
volcanism on Io could eject enough material to cover the entire 
surface of Io to a depth of 1 meter in a century, or to cover an 
area of 1000 square kilometers in a few weeks (see Figure B6-1.3). 
Thanks to this continual “repaving” of the surface, there are 
probably no long-lived features on Io, and any impact craters are 
quickly obliterated. 

( ConceptCheck 6-9 Why are there almost no craters on Io 
when it has no plate tectonic collisions or separations actively 
resurfacing the landscape? 


Figure B6-1.3 R I V U X G 

Colors and Rapid Changes on Io (a) Galileo image of lo’s 
southern hemisphere showing the red ring produced by sulfur 
ejected from the active volcanic vent Pele. (b) A few months 
later, a volcanic plume erupted from the Pillan Patera vent. 
(NASA/JPL) 
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CHAPTER 6 


dioxide (S0 2 ), and nitrogen (N 2 ). These gases should therefore have 
been important parts of the original atmospheres of all three plan¬ 
ets. Much of the water on all three planets is thought to have come 
from impacts from comets, icy bodies from the outer solar system. 

In order to better understand the various atmospheres found 
around the solar system, let’s first consider some of the most impor¬ 
tant aspects of our own Earth’s atmosphere. 

• Earth’s atmosphere is predominately composed of nitrogen. 
There are certainly some water molecules in Earth’s 
atmosphere—most easily seen as clouds—but most of Earth’s 
water is found in the oceans. 

• Similarly, some carbon dioxide is found in Earth’s atmosphere, 
but much of Earth’s carbon dioxide has been captured in 
carbonate rocks, such as limestone. This occurs because 
carbon dioxide readily dissolves in water, so rain can remove 
C0 2 from the atmosphere, which is ultimately deposited on 
ocean floors where it cements into rocks. 

• The oxygen (0 2 ) in Earth’s atmosphere is the result of 
photosynthesis by plant life, which absorbs C0 2 and 
releases 0 2 . The net result is that our planet’s atmosphere is 
predominantly N 2 and 0 2 , with enough pressure and a high 
enough temperature (thanks to the greenhouse effect) for 
water to remain a liquid—and hence for life, which requires 
liquid water, to exist. 

In order to compare the atmospheres of Venus and Mars to 
Earth’s, it is necessary to get information from spacecraft that are 
able to descend through an atmosphere to take measurements. Both 


Soviet and American spacecraft have done this for Venus, and five 
U.S. spacecraft have successfully landed on Mars. The results of 
these missions are summarized in Figure 6.18, which shows how 
pressure and temperature vary with altitude in the atmospheres of 
Earth, Venus, and Mars. 

Close-up Observations of Venus 
Reveal a Broiled Planet 

Venus is bathed in more intense sunlight than Earth because it is 
closer to the Sun. If Venus had no atmosphere, and if its surface 
reflected sunlight back into space like that of Mercury or the Moon, 
heating by the Sun would bring its surface temperature to around 
45°C (113°F)—comparable to that found in the hottest regions on 
Earth. However, what is surprising is that Venus is many times hot¬ 
ter than this. Venus’s temperatures are well above the boiling point 
of water and higher even than daytime temperatures on Mercury, 
which is closest to the Sun (and whose atmosphere was boiled away 
billions of years ago). 

When Venus was young and had liquid water, the amount of 
atmospheric C0 2 was kept at small and stable levels, much as occurs 
on Earth today: C0 2 released by volcanoes quickly dissolved in the 
oceans and was then bound up in carbonate rocks. Enough of the 
liquid water would have vaporized to create a thick cover of water 
vapor clouds. Since water vapor is a greenhouse gas, this humid 
atmosphere—perhaps denser than the Earth’s present-day atmo¬ 
sphere, but far less dense than the atmosphere that surrounds Venus 
today—would have efficiently trapped heat from the Sun. At first, 
this would have had little effect on the oceans of Venus. Although 
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Figure 6-18 

Atmospheres of the Terrestrial Planets In each graph the curve shows how temperature 
varies with altitude from 0 to 100 km above the planets surface. The scale on the right- 
hand side of each graph shows how pressure varies with altitude, (a) Clouds in the Earth’s 
atmosphere are seldom found above 12 km (40,000 ft), (b) Venus’s perpetual cloud layers 


(c) Mars 

lie at much higher altitudes. The atmosphere is so dense that the pressure 50 km above 
the Venusian surface is 1 atm, the same as at sea level on Earth, (c) By contrast, the Martian 
atmosphere is so thin that the surface pressure is the same as the pressure at an altitude of 
35 km on Earth. Wispy clouds can be found at extreme altitudes. 
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the temperature would have climbed above 100°C, the boiling point 
of water at sea level on the Earth, the added atmospheric pressure 
from water vapor would have kept the water in Venus’s oceans in 
the liquid state. 

This hot and humid state of affairs may have persisted for 
several hundred million years. But as the Sun’s energy output slowly 
increased over time, the temperature at the surface would eventually 
have risen above 374°C (647 K, or 705°F). Above this temperature, 
no matter what the atmospheric pressure, Venus’s oceans would 
have begun to evaporate. The added water vapor in the atmosphere 
would have increased the greenhouse effect, making the temperature 
even higher and causing the oceans to evaporate faster. That would 
have added even more water vapor to the atmosphere, further in¬ 
tensifying the greenhouse effect and making the temperature climb 
higher still. This is an example of a runaway greenhouse effect, in 
which an increase in temperature causes a further increase in tem¬ 
perature, and so on. 

ANALOGY A runaway greenhouse effect is like a house in which the 
thermostat has accidentally been connected backward. If the tem¬ 
perature in such a house gets above the value set on the thermostat, 
the heater comes on and makes the house even hotter. 

Today, Venus is dramatically different from what it was in the 
past. For that matter, it isn’t like any of the other planets, either. 
Venus has a dry, desertlike surface with no oceans, lakes, or rivers. 
The infrared-absorbing properties of C0 2 have stabilized Venus’s 
surface temperature at its present value of 460°C. Only minuscule 
amounts of water vapor—about 30 parts per million, or 0.003%— 
remain in the atmosphere. As on Earth, volcanic outgassing still 
adds small amounts of water vapor to the atmosphere, along with 
carbon dioxide and sulfur dioxide. But on Venus, these water mol¬ 
ecules either combine with sulfur dioxide to form sulfuric acid 
clouds or break apart due to solar ultraviolet radiation. The great 
irony is that this state of affairs is the direct result of an earlier 
Venusian atmosphere that was predominantly water vapor! 

Figure 6.18b depicts just how dense the Venusian atmosphere 
is. At the surface, the pressure is 90 atmospheres—that is, 90 times 
greater than the average air pressure at sea level on Earth. (This is 
about the same as the water pressure at a depth of about 1 kilometer 
below the surface of the Earth’s oceans.) Venus’s atmosphere is 
considerably more dense, too. The density of the atmosphere at the 
surface of Venus is more than 50 times greater than the density of 
our atmosphere at sea level. The atmosphere is incredibly massive 
and doesn’t change easily. In fact, once heated by the Sun, the at¬ 
mosphere retains its heat throughout the long Venusian night. As a 
result, temperatures on the day and night sides of Venus are almost 
identical. 

Soviet and American spacecraft also discovered that Venus’s 
clouds are primarily confined to three high-altitude layers. An upper 
cloud layer lies at altitudes between 68 and 58 km, a denser and 
more opaque cloud layer from 58 to 52 km, and an even more dense 
and opaque layer between 52 and 48 km. Above and below the 
clouds are 20-km-thick layers of haze. Below the lowest haze layer, 
the atmosphere is remarkably clear all the way down to the surface 
of Venus. 

Sulfur plays an important role in the Venusian atmosphere. 
Sulfur combines with other elements to form gases such as sulfur 


dioxide (S0 2 ) and hydrogen sulfide (H 2 S), along with sulfuric acid 
(H 2 S0 4 ), the same acid used in automobile batteries. While the 
Earth’s clouds are composed of water droplets, Venusian clouds 
contain almost no water. Instead, they are composed of droplets of 
concentrated, corrosive sulfuric acid. Thanks to the high tempera¬ 
tures on Venus, these droplets never rain down on the planet’s sur¬ 
face; they simply evaporate at high altitude. (You can see a similar 
effect on Earth. On a hot day in the desert of the U.S. Southwest, 
streamers of rain called virga appear out of the bottoms of clouds 
but evaporate before reaching the ground.) 

On the Earth, friction between the atmosphere and the ground 
causes wind speeds at the surface to be much less than at high alti¬ 
tude. The same is true on Venus: The greatest wind speed measured 
by spacecraft on Venus’s surface is only about 5 km/h (3 mi/h). Thus, 
only slight breezes disturb the crushing pressures and infernal tem¬ 
peratures found on Venus’s dry, lifeless surface. But whereas Venus 
has an incredibly thick atmosphere, compared to Earth’s, observa¬ 
tions of Mars shows that Mars has an atmosphere far thinner. 

The Cosmic Connections figure summarizes the processes that 
led to the present-day atmospheres of the three large terrestrial 
planets. 

(ConceptCheck 6-IOp What is “runaway” about Venus’s runaway 
greenhouse? 

Answer appears at the end of the chapter. 

The Martian Atmosphere: Not a Drop to Drink 

Observations show that Mars has far less atmosphere than either 
Venus or Earth, but it might not always have been that way. Mars 
probably had a thicker atmosphere 4 billion years ago. Thanks to 
Mars’s greater distance from the Sun and hence less intense sunlight, 
temperatures would have been lower than on the young Earth and 
any water in the atmosphere would more easily have fallen as rain 
or snow. This would have washed much of the planet’s carbon di¬ 
oxide from its atmosphere, perhaps creating carbonate minerals in 
which the C0 2 is today chemically bound. Measurements from 
Mars orbit show only small amounts of carbonate materials on the 
surface, suggesting that the amount of atmospheric C0 2 that rained 
out was small. Hence, even the original Martian atmosphere was 
relatively thin, though thicker than the present-day atmosphere. 

Because Mars is so small, it cooled early in its history and 
volcanic activity came to an end. Hence, any solid carbonates were 
not recycled through volcanoes as they are on Earth. The depletion 
of carbon dioxide from the Martian atmosphere into the surface 
would therefore have been permanent. 

As the amount of atmospheric C0 2 declined, the greenhouse 
effect on Mars would have weakened and temperatures to fall. This 
temperature decrease would have caused more water vapor to con¬ 
dense into rain or snow and fall to the surface, taking even more 
C0 2 with them and further weakening the greenhouse effect. Thus, 
a decrease in temperature would have caused a further decrease in 
temperature—a phenomenon sometimes called a runaway icehouse 
effect. (This is the reverse of the runaway greenhouse effect that has 
taken place on Venus.) Ultimately, both water vapor and most of 
the carbon dioxide would have been removed from the Martian 
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Earth, Venus, and Mars formed with similar original atmospheres. However, these atmospheres 
changed dramatically over time due to factors such as planetary size and distance from the Sun. 
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atmosphere. With only a very thin C0 2 atmosphere remaining, sur¬ 
face temperatures on Mars eventually stabilized at their present 
frigid values. 

The atmosphere of Mars today, as Figure 6.18c shows, is very 
cold and thin compared to the atmosphere of either Earth or Venus: 
The surface pressure is a mere 0.006 atmosphere. Yet its chemical 
composition is very close to that of Venus: The Martian atmosphere 
is 95.3% carbon dioxide (versus 96.5% for Venus) and 2.7% ni¬ 
trogen (versus 3.5% for Venus). The predominance of carbon di¬ 
oxide means that Mars, like Earth and Venus, is warmed by the 
greenhouse effect. However, the Martian atmosphere is so thin that 
the greenhouse effect is very weak and warms the Martian surface 
by only 5°C (versus 33°C on Earth). While the perpetual cloud cover 
on Venus maintains a steady surface temperature, the thin atmo¬ 
sphere on Mars provides very little thermal insulation. While day¬ 
time highs on Mars can be as high as 20°C (68°F), at night the 
temperature can plummet to — 140°C (—220°F). 

Water vapor makes up about 0.03% of the Martian atmo¬ 
sphere (versus about 1% for the Earth), and this vapor can form 
clouds. Figure 6-15b shows clouds that form near the tops of Mar¬ 
tian volcanoes when air moves up the volcanic slopes. The rising 
air cools until the water vapor condenses into ice crystals. The same 
process occurs on Earth, but the clouds that form in this way are 
made of droplets of liquid water rather than ice crystals. Why is 
there a difference? 

The explanation is that liquid water cannot exist anywhere on 
the Martian surface or in the Martian atmosphere. Water is liquid 
over only a limited temperature range: If the temperature is too low, 
water becomes ice, and if the temperature is too high, it becomes 
water vapor. What determines this temperature range is the atmo¬ 
spheric pressure above a body of water or around a water drop. If 
the pressure is very low, molecules easily escape from the liquid’s 
surface, causing the water to vaporize. Thus, at low pressures, water 
more easily becomes water vapor. The average surface temperature 
on Mars is only about 250 K (—23°C, or — 10°F), and the average 



Figure 6-19 R I V U X G 

Seasons on the Martian Surface (a) This view from Viking Lander 1 shows rocks that 
resemble volcanic rocks on Earth (see Figure 5-2a). They are thought to be part of an 
ancient lava flow that was broken apart by crater-forming asteroid impacts. Fine-grained 
debris has formed sand dunes, (b) This picture was taken during midwinter at the Viking 


pressure is only 0.006 atmosphere. With this combination of tem¬ 
perature and pressure, water can exist as a solid (ice) and as a gas 
(water vapor) but not as a liquid. (You can see a similar situation 
inside a freezer, where countless tiny water droplets swirl around 
over ice cubes looking like a fog.) Hence, it never rains on Mars 
and there are no bodies of liquid water anywhere on the planet. In 
order to keep water on Mars in the liquid state, it would be neces¬ 
sary to increase both the temperature (to keep water from freezing) 
and the pressure (to keep the liquid water from evaporating). 

At very high altitudes above the Martian surface, atmospheric 
carbon dioxide can freeze into crystals and form clouds. (Frozen 
carbon dioxide can be made on Earth and is called “dry ice.”) Such 
frozen carbon dioxide is also found in larger quantities in ice caps 
at the north and south poles of Mars, one of which you can see in 
Figure 6.1. 

The wintertime freezing of atmospheric carbon dioxide has a 
curious effect. Figure 6.19a shows the springtime view from Viking 
Lander 1. Initially, the spacecraft measured pressures around 0.008 
atmosphere. After only a few weeks on the Martian surface, how¬ 
ever, atmospheric pressure at both Viking sites was dropping 
steadily. As it turns out, when winter arrives, carbon dioxide freezes 
in that hemisphere’s atmosphere and falls as dry ice “snow” (Figure 
6.19b). The formation of this “snow” removed gas from the Mar¬ 
tian atmosphere, thereby lowering the atmospheric pressure across 
the planet. Several months later, when spring comes, the dry-ice 
snow evaporates rapidly and the atmospheric pressure returns to 
its prewinter levels. Interestingly, both temperature and atmospheric 
pressure change significantly with the Martian seasons. Given these 
phenomena, which are quite different from that found on Earth, 
one wonders if the nature of atmospheres many times farther from 
the Sun are even more curious. As we will see in the next chapter, 
the largest planets have dynamic atmospheres driven by energy from 
both the distant Sun and by energy sources within. But first, we will 
touch on a topic of great interest to scientists and many nonscien¬ 
tists as well—the search for water on other planets. 



(b) A wintertime view from Viking Lander 2 


Lander 2 site. Freezing carbon dioxide adheres to water-ice crystals and dust grains in 
the atmosphere, causing them to fall to the ground and coat the surface with frost. This 
frost lasted for about a hundred days, (a: Dr. Edwin Bell ll/NSSDC/GSFC/NASA; b: 
NASA/JPL) 
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CHAPTER 6 


( ConceptCheck 6-11: *) Why might Mars’s environment become 
more hospitable to life if more C0 2 could be added to the 
atmosphere? 

( ConceptCheck 6-12 Q What would happen to water if an 
astronaut carelessly splashed some onto the Martian surface? 

Answers appear at the end of the chapter. 


Evidence exists for water in locations 
besides Earth 

For many, the primary motivation for studying planets is tied to the 
notion of wondering about the possibility of life existing there. As 
water is a key ingredient necessary for life to exist on a planet, much 
of current planetary research is really a search for water. Because 
the presence of water today is not clearly evident on planets besides 
Earth, astronomers look to rocks on other planets for evidence of 
past water. On Venus we cannot look very far into the past, since 
the planet’s volcanic activity and flake tectonics have erased features 
more than about 500 million years old. On Mars, by contrast, we 
expect to find rocks that are billions of years old: The thin atmo¬ 
sphere causes very little erosion, there has been little recent volcanic 
activity to cover ancient rocks, and there is no subduction to drag 
old surface features back into the planet’s interior. (The heavy cra¬ 
tering of the southern highlands bears testament to the great age of 
much of the Martian surface.) In a quest to find these ancient rocks 
and learn about the early history of Mars, scientists have sent space¬ 
craft to land on the red planet and explore it at close range. 


Water May Have Once Existed 
on the Surface of Mars 

As of this writing (2010), six spacecraft have successfully landed 
on the Martian surface. Landing in 1975, Viking Lander 1 and 
Viking Lander 2 had no capability to move around on the surface, 
and so they could only study objects within reach of the scoop at 
the end of their mechanical arms (Figure 6-20a). Three more recent 
unmanned explorers, Mars Pathfinder (landed 1997) and two Mars 
Exploration Rovers (landed 2004), were equipped with wheels that 
allowed travel over the surface (Figure 6-20/?). Unlike the Viking 
Landers, these rovers did not have heavy and expensive rocket 
engines to lower them gently to the Martian surface. Instead, the 
spacecraft were surrounded by airbags like those used in automo¬ 
biles. Had there been anyone to watch Mars Pathfinder or one of 
the Mars Exploration Rovers land, they would have seen an over¬ 
sized beach ball hit the surface at 50 km/h (30 mi/h), then bounce 
for a kilometer before finally rolling to a stop. Unharmed by its wild 
ride, the rover then deflated its airbags and began to study the geol¬ 
ogy of Mars. 

Figure 6-11 shows the landing sites of the Mars Pathfinder rover 
(named Sojourner) and the two Mars Exploration Rovers (named 
Spirit and Opportunity) . Following directions from Earth, Sojourner 
spent three months exploring the rocks around its landing site. The 
Mars Exploration Rovers were also designed for a three-month life¬ 
time, but both were still functioning more than five years after land¬ 
ing. Over that time Spirit and Opportunity had each astonishingly 
traveled more than 15 kilometers over the Martian surface. 

Images made from Mars orbit show a number of features that 
suggest water flowed there in the past (Figure 6-21). To investigate 
these features, Mars Pathfinder landed in an area that looked much 




(b) Two generations of rovers 


(a) A Viking Lander 
Figure 6-20 R I V U X G 

Martian Explorers (a) Each Viking Lander is about 2 m (6 ft) tall from the base of its 
footpads to the top of its dish antenna, used for sending data to an orbiter, which in turn 
relayed the information back to Earth. (This photograph shows a full-size replica under test 


on Earth.) (b) The technicians in this photograph pose with one of the Mars Exploration 
Rovers and with a replica of its predecessor, the Mars Pathfinder rover, (a: NASA; b: 
NASA/JPL) 
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Figure 6-21 R I V U X G 

Sign of Ancient Martian Water (a) This Viking Orbiter image shows a network of 
dry riverbeds extending across the cratered southern highlands. Liquid water 
would evaporate in the sparse, present-day Martian atmosphere, so these must date 
from an earlier era when the atmosphere was thicker, (b) These teardrop-shaped 

like flood plains found on Earth, albeit this was a much older and 
ancient flood plain. Figure 6-21 b shows a portion of this plain. 
Rushing flood waters can pick up and move rocks of fairly large 
sizes of all kinds great distances from their original locations, so 
scientists expected that this landing site (Figure 6-22) would be rich 
with numerous different kinds of rocks and show great geologic 


Mars Pathfinder rover Hill, 1 km (0.6 mi) away 



Figure 6-22 Rl VUXG 

Roving the Martian Surface This view from the stationary part of Mors Pathfinder 
shows the rover, called Sojourner, deploying its X-ray spectrometer against a rock named 
Moe. Scientists gave other rocks whimsical names such as Jiminy Cricket and Pooh Bear. 
(NASA/JPL) 



(b) 


islands rise above the floor of Ares Valles. They were carved out by a torrent of water 
that flowed from the bottom of the image toward the top. Similar flood-carved 
islands are found on Earth in eastern Washington State, (a: Michael Carr, USGS; b: 
NASA/USGS) 

diversity. They were not disappointed. Many of the rocks found 
there appeared to be rock produced by volcanoes. Other rocks, 
which resemble jagged rocks found in the ancient highlands of the 
Moon, appear to have come from areas that were struck by crater¬ 
forming impacts. Still others have a layered structure like sedimen¬ 
tary rocks on Earth. Such rocks typically form gradually at the 
bottom of bodies of water, suggesting that liquid water was stable 
in at least some regions of Mars for a substantial period of time in 
the past. 

When combined with observations from Mars orbit, the Spirit 
and Opportunity results show that ancient Mars was a very diverse 
planet. Most of the planet was probably very dry, but there were 
isolated areas that had liquid water for a time. Astronomers still do 
not have a reliable mechanism that explains why liquid water ap¬ 
peared on Mars only in certain places and at certain times. 

Whatever liquid water once coursed over parts of the Martian 
surface is presumably now frozen, either at the polar ice caps or 
beneath the planet’s surface. To check this idea, scientists used a 
device on board the Mars Odyssey orbiter to look for evidence of 
water beneath the surface. The results from the Mars Odyssey mea¬ 
surements suggest that there is abundant water beneath the surface 
at both Martian poles (Figure 6-23). But they also show a surprising 
amount of subsurface water in two regions near the equator (see 
Figure 6-11) and another region on the opposite side of the planet. 
One possible explanation is that about a million years ago, gravi¬ 
tational forces from other planets caused a temporary change in the 
tilt of Mars’s rotation axis. The ice caps were then exposed to more 
direct sunlight, causing some of the water to evaporate and eventu¬ 
ally refreeze elsewhere on the planet. 

There are other surprising features on Mars related to the pres¬ 
ence of water. A number of Mars Global Surveyor images show 
gullies apparently carved by water flowing down the walls of pits 
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Figure 6-23 

Water Beneath the Martian Surface This map of the abundance of water (probably in the 
form of ice) just below the surface of Mars is based on data collected from orbit by the Mars 


Odyssey spacecraft. These measurements can only reveal the presence of water or water ice 
to a depth of about a meter; there may be much more water at greater depths. (LANL) 


or craters (Figure 6-24). These could have formed when water 
trapped underground—where the pressure is greater and water can 
remain a liquid—seeped onto the surface. The gullies appear to be 
geologically young, so it is possible that even today some liquid 
water survives below the Martian surface. Alternatively, these gullies 
may have formed during periods when the Martian climate was 
colder than usual and the slopes of craters were covered with a layer 
of dust and snow. Melting snow on the underside of this layer could 
have carved out gullies, which were later exposed when the climate 
warmed and the snow evaporated. 

Most recently, the Phoenix lander drilled down into Martian 
soil to study the history of water on the Martian surface, with a 
special eye toward determining the potential that life might find 
Mars to be a habitable environment (Figure 6-25). Before it was 
covered with ice during the Martian winter, Phoenix was the first 
spacecraft to actually observe water, and even some falling snow, 
on Mars. 

( ConceptCheck 6-13: ) Why does the presence of a wide diversity 
of rocks in a single location suggest the presence of water long ago? 

Answer appears at the end of the chapter. 

Looking for Water on Our Moon 

In contemporary times, we have viewed Earth’s Moon as being a 
dry, barren land covered in dust, rocks, and craters, with little else. 
Indeed, this perspective was confirmed by the astronauts who visited 
there several decades ago. What is perhaps surprising is that our 
thinking about water on the lunar surface has changed dramatically 
in recent years. Wondering if small deposits of water could be safely 
hidden beneath the surface or along darkly shadowed crater walls 
that never glimpse sunlight, astronomers have designed several ex¬ 
periments to look for water on Earth’s Moon. 



Figure 6-24 R I V U X G 

Martian Gullies When the Mors Global Surveyor spacecraft looked straight down 
into this crater in the Martian southern hemisphere, it saw a series of gullies along 
the crater wall. These gullies may have formed by subsurface water seeping out to the 
surface, or by the melting of snow that fell on crater walls. (NASA/JPL/Malin Space 
Science Systems) 
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(a) (b) 

Figure 6-25 R I V U X G 

Digging for Water on Mars (a) In 2008, NASA’s robotic Phoenix Lander used a mechanical 
scoop to dig for evidence of water in the Martian soil, (b) Perhaps more surprising was that 
water ice was serendipitously uncovered by blasts from Phoenix’s thruster rockets as it set 
down (c) on the north polar plains of Mars. The black areas in the center of this full-circle 


(c) 

panorama of the landing site are where image data were not available, (a: NASA/JPL/ 
University of Arizona/Texas A&M/James Canvin; b: Kenneth Kremer, Marco Di 
Lorenzo, NASA/JPL/UA/Max Planck Institute/Aviation Week & Space Technology; c: 
Caltech/University of Arizona/Texas A&M) 


Among the first of these was a search conducted from orbit by 
the SDI-NASA Clementine spacecraft, which, in orbit around the 
Moon, sent radio signals into dark craters near the poles. Clemen¬ 
tine found some evidence of possible ice there by measuring the way 
the radio waves were reflected. Four years later, NASA’s Lunar Pros¬ 
pector found similar, but still inconclusive, evidence for water. Pros¬ 
pector was intentionally crashed onto the Moon’s surface in an 
attempt to generate a cloud of dust and water ice for study, but the 
spacecraft was too small to generate a sufficient cloud of debris 
to study. 

More recently, the Lunar Crater Observation and Sensing Satel¬ 
lite, or LCROSS, designed a multistage impact system to purpose¬ 
fully crash spacecraft into the surface (Figure 6-26). These man-made 
impacts were specifically intended to cause an explosive plume of 
debris to be ejected high above the surface. Aiming at a dark crater 
holding material that had not been exposed to sunlight for millions 
of years, the goal was to carefully study the material in a rising 
plume, to look for evidence of water. The mission was deemed an 
amazing success: water was observed among the ejected debris from 
the collisions on October 9, 2009. 

(ConceptCheck 6-14: ) Why doesn’t direct sunlight evaporate all 
water on Earth’s Moon? 

Answer appears at the end of the chapter. 

Europa Could Harbor a Subsurface 
Ocean Beneath Its Icy Crust 

If water abundantly exists on Earth and clear evidence for water 
recently has appeared on Mars, where else in the solar system might 
we find water? The next most likely candidates for water are Jupi¬ 
ter’s largest moons. 



Figure 6-26 Rl VUXG 

Water from Impacts Impacts from the Lunar Crater Observation and Sensing Satellite, 
or LCROSS, resulted in ejected plumes of debris that included water from the permanently 
shadowed region of Cabeus crater, near the Moon’s south pole. (NASA) 


Europa, the second of the Jupiter’s moons, has the notable 
distinction of being the smoothest body in the solar system. There 
are no mountains and no surface features greater than a few hun¬ 
dred meters high (Figure 6-27). There are almost no craters, indicat¬ 
ing a young surface that has been reprocessed by geologic activity. 
The dominant surface feature is a worldwide network of stripes 
and cracks (Figure 6-28). Like Io, Europa is an important exception 
to the general rule that a small world will be cratered and geologi¬ 
cally dead. 













164 


CHAPTER 6 



Figure 6-27 R I V U X G 

Europa Dark lines crisscross Europa’s smooth, icy surface in this false-color composite of 
visible and infrared images from Galileo. These are fractures in Europa’s crust that can be 
as much as 20 to 40 km (12 to 25 mi) wide. Only a few impact craters are visible on Europa, 
which indicates that this satellite has a very young surface, on which all older craters have 
been erased. (NASA/'JPL/University of Arizona) 



Figure 6-28 Rl VUXG 

Europa’s Fractured Crust False colors in this Galileo composite image emphasize the 
difference between the linear ridges and the surrounding plains. The smooth ice plains 
(shown in blue) are also the basic terrain found on lo. (NASA/JPL) 


Confirming earlier speculations, the Galileo spacecraft (both 
Figure 6-27 and Figure 6-28 are Galileo images) showed that Eu¬ 
ropa’s infrared spectrum is a close match to that of a thin layer of 
fine-grained water ice frost on top of a surface of pure water ice. 
(The brown areas in Figure 6-27 show where the icy surface con¬ 
tains deposits of rocky material from meteoritic impacts, from Eu¬ 
ropa’s interior, or from a combination of these sources.) 

The purity of Europa’s ice suggests that water is somehow 
brought upward from the moon’s interior to the surface, where it 
solidifies to make a fresh, smooth layer of ice. Indeed, some Galileo 
images show what appear to be lava flows on Europa’s surface, 
although the “lava” in this case is mostly ice. This idea helps to 
explain why Europa has very few craters (any old ones have simply 
been covered up) and why its surface is so smooth. Europa’s surface 
may thus represent a water-and-ice version of plate tectonics. 

Although Europa’s surface is almost pure water ice, keep in 
mind that Europa is not merely a giant ice ball. The satellite’s density 
shows that rocky material makes up about 85 to 90% of Europa’s 
mass. Hence, only a small fraction of the mass, about 10 to 15%, 
is water ice. Because the surface is icy, we can conclude that the 
rocky material is found within Europa’s interior. 

Europa is too small to have retained much of the internal heat 
that it had when it first formed. But there must be internal heat 
nonetheless to power the geologic processes that erase craters and 
bring fresh water to Europa’s surface. What keeps Europa’s interior 
warm? The most likely answer, just as for Io, is heating by being 
flexed and squeezed gravitationally during its orbit around Jupiter. 
The rhythmic gravitational tugs exerted by Io and Ganymede on 
Europa deform its orbit. But because it is farther from Jupiter, tidal 
effects on Europa are only about one-fourth as strong as those on 
Io, which may explain why no ongoing volcanic activity has yet 
been seen on Europa. 

Some features on Europa’s surface, such as the fracture patterns 
shown in Figure 6-28, may be the direct result of the crust being 
stretched and compressed by tidal flexing. Figure 6-29 shows other 
features, such as networks of ridges and a young, very smooth 
circular area, that were probably caused by the internal heat that 
tidal flexing generates. The rich variety of terrain depicted in Figure 
6-29, with stress ridges going in every direction, shows that Europa 
has a complex geologic history. 

Among the unique structures found on Europa’s surface are ice 
rafts. The area shown in Figure 6-3 Oa was apparently subjected to 
folding, producing the same kind of linear features as those in Figure 
6-28. But a later tectonic disturbance broke the surface into small 
chunks of crust a few kilometers across, which then “rafted” into 
new positions. A similar sort of rafting happens in the Earth’s Arctic 
Ocean every spring, when the winter’s accumulation of surface ice 
breaks up into drifting ice floes (Figure 6-30b). The existence of 
such structures on Europa strongly suggests that there is a subsur¬ 
face layer of liquid water or soft ice over which the ice rafts can 
slide with little resistance. 

fConceptCheck 6-15: ) Why do the long lines of ridges observed 
on Europa’s surface seem to be broken and fractured? 

Answer appears at the end of the chapter. 
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Figure 6-29 R I V U X G 

Europa in Close-up This high-resolution Galileo image shows a network of overlapping 
ridges, part of which has been erased to leave a smooth area and part of which has been 
jumbled into a rugged patch of terrain. Europa’s interior must be warm enough to power 
this complex geologic activity. (NA5A/JPL) 

An Underground Ocean? 

The ridges, faults, ice rafts, and other features strongly suggest that 
Europa has substantial amounts of internal heat. This heat could 
prevent water from freezing beneath Europa’s surface, creating a 
worldwide ocean beneath the crust. If this idea is correct, geologic 
processes on Europa may be an exotic version of those on Earth, 


with the roles of solid rock and molten magma being played by 
solid ice and liquid water. 

A future spacecraft may use radar to penetrate Europa’s icy 
crust to search for definitive proof of liquid water beneath the sur¬ 
face. Scientists conclude that Europa’s outermost 100 to 200 km 
are ice and water. (It is not clear how much of this is liquid and how 
much is solid.) Within this outer shell is a rocky mantle surrounding 
a metallic core some 600 km (400 mi) in radius. 

The existence of a warm, subsurface ocean on Europa, if 
proved, would make Europa the only world in the solar sys¬ 
tem other than Earth on which there is liquid water. This would 
have dramatic implications. On Earth, water and warmth are es¬ 
sentials for the existence of life. Perhaps single-celled organisms 
have evolved in the water beneath Europa’s crust, where they 
would use dissolved minerals and organic compounds as food 
sources. In light of this possibility, NASA has taken steps to pre¬ 
vent biological contamination of Europa. At the end of the Galileo 
mission in 2003, the spacecraft (which may have carried traces 
of organisms from Earth) was sent to burn up in Jupiter’s at¬ 
mosphere, rather than remaining in orbit where it might some¬ 
day crash into Europa. An appropriately sterilized spacecraft may 
one day visit Europa and search for evidence of life within this 
exotic moon. 

( ConceptCheck 6-16:) If Europa has no molten core for an 
interior heat source, what provides the energy to keep water on 
Europa from being frozen completely solid? 

Answer appears at the end of the chapter. 



(a) Ice rafts on Europa 



(b) Ice floes on Earth 


Figure 6-30 R I V U X G 

Moving Ice on Europa and Earth (a) Some time after a series of ridges formed in 
this region of Europa’s surface, the icy crust broke into “rafts” that were moved around 
by an underlying liquid or plastic layer. The colors in this Galileo image may be 
due to minerals that were released from beneath the surface after the crust broke 


apart, (b) Europa’s ice rafts are analogous to ice floes on Earth, created when pack ice 
breaks up, as in this spacecraft view of part of the Canadian arctic, (a: NASA/JPL; b: 
USG5 and NASA) 




















.a, 


VISUAL LITERACY TASK 


Mercury and the Moon 

PROMPT: What would you tell a fellow student who said, “Mercury 
and Earth's Moon are difficult to tell apart because they are 
about the same size with identical compositions and surface 
features." 



ENTER RESPONSE: 


Guiding Questions: 

1. Compared to Earth’s Moon, the planet Mercury is 

a. smaller. 

b. larger. 

c. the same size. 

d. colder. 

2. Compared to Earth’s Moon, the planet Mercury’s surface is 

a. older. 

b. younger. 

c. about the same age. 

d. astronomers don’t know. 

3. Compared to the Moon, the interior of Mercury is 

a. more geologically active. 

b. less geologically active. 

c. about the same. 

d. astronomers don’t know. 


Key Ideas and Terms 

6-1 Comparing terrestrial planets and moons shows distinct similarities 

and dramatic differences in appearance 

• Comparing planets to Earth helps astronomers understand the solar 
system. 

• Venus is particularly difficult to study because it is covered in a thick 
layer of clouds. 

• Planet interiors are invisible to telescopes. 

6-2 Many terrestrial world surfaces are dominated by impact craters 

revealing the age of underlying processes 

• Circular impact craters result when one object collides with the solid 
surface of a terrestrial planet or a satellite. 

• The smaller the terrestrial world, the less internal heat it is likely to 
have retained from its formation, and, thus, the less geologic activity it 
will display on its surface. The less geologically active the world, the 
older and hence more heavily cratered its surface. 

• The rate of impact crater formation has decreased dramatically since 
the early years of the solar system. 


6-3 Tectonics and volcanism influence surface features 

• Mars’s surface is characterized by relatively smooth northern lowlands 
and jagged southern highlands. 

• Venus has a relatively thin crust and radar evidence suggests no active 
plate tectonics. 

• Mars has a thick, rigid crust resulting in a rift valley stretching across 
one side of the planet. 

• Mars’s Olympus Mons is a giant shield volcano formed by layer after 
layer of magma being deposited. 

• Jupiter’s satellite Io has virtually no impact craters, as it is constantly 
being smoothed over by active volcano flows. 

6-4 Atmospheres surrounding terrestrial planets vary considerably 

• Mercury, the Moon, and Mars are easier to study than Venus, which is 
obscured by its thick atmosphere. 

• Venus’s atmosphere causes an extremely high surface temperature due 
to a runaway greenhouse effect. 

• Mars’s atmosphere experiences a runaway icehouse effect where C0 2 
is pulled from the atmosphere, lowering the temperature even more. 
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6-5 Evidence exists for water in locations besides Earth 

• Frozen water on Mars has been revealed by landers drilling into the 
surface. 

• Frozen water on the Moon has been revealed by studying ejected 
plumes created by crashing spacecraft into shadowed crater walls. 

• Jupiter’s satellite Europa may harbor a subsurface ocean that causes 
ice rafts to move across the surface. 


Questions 


Review Questions 

1. Describe the kinds of features that can be seen on the Moon with a 
small telescope. 

2. Are impact craters on the Moon the same shape as the meteoroids 
that made the impact? Explain your answer. 

3. Why is Earth geologically active while the Moon is not? 

4. Rocks found on the Moon are between 3.1 and 4.47 billion years 
old. By contrast, the majority of Earth’s surface is made of oceanic 
crust that is less than 200 million years old, and the very oldest Earth 
rocks are about 4 billion years old. If Earth and the Moon are 
essentially the same age, why is there such a disparity in the ages of 
rocks on the two worlds? 

5. What kind of surface features are found on Mercury? How do they 
compare to surface features on the Moon? Why are they probably 
much older than most surface features on Earth? 

6. If Mercury is the closest planet to the Sun and has such a high 
average surface temperature, how is it possible that ice might exist on 
its surface? 



7. What is flake tectonics? Why does Venus exhibit flake 
tectonics rather than plate tectonics? 


8. How was water most recently discovered on Mars? 

9. How was water most recently discovered on Earth’s Moon? 

10. Why do ice rafts indicate the existence of a subsurface ocean on 
Europa? 


Web Chat Questions 

1. NASA is planning a new series of manned missions to the Moon. 
Compare the advantages and disadvantages of exploring the Moon 
with astronauts as opposed to using mobile, unmanned instrument 
packages. 

2. Describe how you would empirically test the idea that human 
behavior is related to the phases of the Moon. What problems are 
inherent in such testing? 

3. Imagine that you are planning a lunar landing mission. What type of 
landing site would you select? Where might you land to search for 
evidence of recent volcanic activity? 

4. If you were planning a new mission to Mercury, what features and 
observations would be of particular interest to you? 

5. The total cost of the Mars Global Surveyor mission was about $154 
million. (To put this number in perspective, in 2000 the U.S. Mint 
spent about $40 million to advertise its new $1 coin, which failed to 
be accepted by the public. Several recent Hollywood movies have had 
larger budgets than Mars Global Surveyor.) Does this expenditure 
seem reasonable to you? Why or why not? 


6. Is it worthwhile for scientists to actively search for water on planets 
and satellites? 

Collaborative Exercises 

1. The image of the Moon in Figure 6-2 reveals numerous craters. Using 
the idea that the Moon’s landscape can only be changed by impacts, 
make a rough sketch showing ten of the largest craters and label 
them from oldest (those that showed up first) to youngest (the most 
recent ones). Explain your reasoning and any uncertainties. 

2. Consider the image of Mars in Figure 6-1. Draw a circle on your 
paper roughly 5 cm in diameter and, taking turns, have each person 
in your group sketch a different region of Mars. How is your 
collaborative sketch different from the other images of Mars found 
throughout the book? 

Observing Projects 

1. Use the Starry Night College™ program to examine magnified 
images of the terrestrial planets Mercury, Venus, Earth, and Mars, 
and the asteroid Ceres. Select the appropriate Favourite from the 
Investigating Astronomy folder. Use the location scroller cursor to 
rotate the image to see different views of the planet. 

a) Describe each planet’s appearance. From what you observe in 
each case, is there any way of knowing whether you are looking 
at a planet’s surface or at complete cloud cover over the planet? 

b) Which planet or planets have clouds? If a planet has clouds, 
select and open its contextual menu in the Planets list in the 
Find pane and choose Surface Image/Model > Default and use 
the location scroller to examine the planet’s surface. You can 
look at several asteroids close up by opening Favourites > 
D-Small SS Bodies and selecting Toutatis, Ida, orTempell. 

c) Which planet or asteroid shows the heaviest cratering? 

d) Which of these planets shows evidence of liquid water? 

e) What do you notice about Venus’s rotation compared to the 
other planets? 

2. Use the Starry Night College™ program to examine Mercury. Select 
Favourites > Investigating Astronomy > Mercury from the menu. Stop 
the advance of time and use the zoom controls in the toolbar to 
zoom in and out on the view and use the location scroller to rotate 
the image of Mercury. 

a) As you explore the surface of the planet Mercury, estimate the 
diameter of the largest craters by measuring their size on the 
screen with a ruler and comparing to the diameter of Mercury. 

3. Use the Starry Night College™ program to examine Mars. Select 
Favourites > Investigating Astronomy > Mars Surface from the menu. 
Stop the advance of time and use the zoom controls in the toolbar to 
zoom in and out and the location scroller to rotate the image of the 
planet. You will notice that four volcanoes (Mons) and the Valles 
Marineris have been labeled. 

a) Which of the volcanoes appears to be the largest? 

b) Right-click on Mars (Ctrl-click on a Mac) and select Markers 
and Outlines . . . from the contextual menu. In the Mars 
Markers and Outlines dialog window, click the lower radio 
button to the left of the List label. Then in the dropdown box 
to the right of the List label choose Type. In the rightmost 
dropdown box select Crater as the type of feature and then 
click the Check All Shown button. Describe the distribution of 
craters on the Martian surface. 

c) What does the distribution of craters in the region around the 
volcanoes suggest about the time at which these volcanoes 
formed on Mars? 
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Answers 

ConceptChecks 

ConceptCheck 6-1: No. Venus is perpetually shrouded in a thick layer of 
clouds and because visible light does not penetrate the clouds, no light es¬ 
capes for us to observe from Earth. 

ConceptCheck 6-2: All large impactors, regardless of shape or angle of 
impact will carve out a nearly circular crater with a tall central peak in the 
middle due to the shock wave created. Earth’s thin atmosphere will not 
protect the surface from large impacts. 

ConceptCheck 6-3: The line on the graph would not be horizontal, but 
instead be sloped upward showing that more and more impacts have oc¬ 
curred over the duration of the Moon’s existence. 

ConceptCheck 6-4: Because surfaces that are covered with impact craters 
have not been smoothed over by lava flows, we would infer that a hypo¬ 
thetical Caloris Basin covered in craters would be very old. 

ConceptCheck 6-5: Without wind from a moving atmosphere and without 
resurfacing from tectonics, those tire tracks will remain until they are oblit¬ 
erated into a crater by an impact. 

ConceptCheck 6-6: Mountain chains form where rigid plates collide, and 
the absence of these features suggest that Venus is a single-plate planet. 

ConceptCheck 6-7: When overly thick plates collide, it is nearly impossible 
for one plate to be subducted beneath another plate, making it impossible 
for subduction zones and their accompanying mountain chains to form. 


ConceptCheck 6-8: The oldest lava flows have craters from ancient impacts 
that have distorted their appearance, whereas the youngest lava flows are 
mostly crater free. 

ConceptCheck 6-9: Lava flowing from extremely active volcanoes smooth 
over and cover any craters almost immediately. 

ConceptCheck 6-10: The “runaway” term refers to the fact that an increase 
in temperature causes changes in the atmosphere, which causes the tem¬ 
perature to rise even higher and higher. 

ConceptCheck 6-11: The temperature on Mars might be able to be increased 
through the greenhouse effect if C0 2 could be successfully added to the 
atmosphere. 

ConceptCheck 6-12: Instead of freezing, the water would quickly evaporate 
into the atmosphere, due to the low atmospheric pressure on Mars. 

ConceptCheck 6-13: Rapidly moving water will pick up and move rocks 
to a flood plain far from where they originated, resulting in a location with 
highly varying rock types. 

ConceptCheck 6-14: Some deposits of frozen water could be shielded from 
sunlight along darkly shadowed crater walls that never glimpse sunlight. 

ConceptCheck 6-15: The seemingly solid, but slushy, ice covering Europa 
flows like “ice rafts” disrupting the continuous lines formed by the ridges. 

ConceptCheck 6-16: The squeezing and flexing of Europa as it moves 
around Jupiter causes friction-releasing energy in the form of heat, keeping 
water there from permanently freezing. 







P erhaps the most remarkable telescope views in our solar system are of 
the colorful, turbulent atmosphere of Jupiter and the ethereal beauty 
of Saturn’s rings. Both of these giant worlds dwarf our own planet: More 
than 1200 Earths would fit inside Jupiter’s immense bulk, and more than 700 
Earths inside Saturn. Unlike the Earth, both Jupiter and Saturn are composed 
primarily of the lightweight elements hydrogen and helium, in abundances 
very similar to those in the Sun. As these images show, the rapid rotations of 
both Jupiter and Saturn stretch their weather systems into colorful bands that 
extend completely around each planet. 

Saturn is not merely a miniature version of Jupiter, however. Its muted 
colors and more flattened shape are clues that Saturn’s atmosphere and in¬ 
terior have important differences from those of Jupiter. The most striking 
difference is Saturn’s elaborate system of rings, composed of countless num¬ 
bers of icy fragments orbiting in the plane of the planet’s equator. The rings 
display a complex and elegant structure, which is shaped by subtle gravita¬ 
tional influences from Saturn’s retinue of moons. Jupiter, too, has rings, but 
they are made of dark, dustlike particles that reflect little light. These systems 
of rings, along with the distinctive properties of the planets themselves, make 
Jupiter and Saturn highlights of a tour of the solar system. 

Beyond Saturn, in the cold, dark recesses of the solar system, orbit two 
gas planets that have long been shrouded in mystery. These planets—Uranus 
and Neptune—are so distant, so dimly lit by the Sun, and so slow in their 
motion against the stars that they were unknown to ancient astronomers and 
were discovered only after the invention of the telescope. Even then, little 


was known about the seemingly quiet atmospheres of Uranus and Neptune 
until Voyager 2 flew past these planets during the 1980s. In this chapter, we’ll 
explore the gaseous envelopes that make up the largest planets of our solar 
system and the complex ring systems that surround them. 


fjil Dynamic atmospheres of Jupiter and 
Saturn change rapidly 


Jupiter and Saturn are, respectively, the largest and second largest 
of the planets, and the largest objects in the solar system other than 
the Sun itself. Astronomers have known for centuries about the huge 
diameters and immense masses of these two planets. Jupiter is about 
11 times larger in diameter than Earth, while Saturn’s diameter is 
about 9 times larger than that of Earth. Astronomers also deter¬ 
mined that Jupiter and Saturn are, respectively, 318 times and 95 
times more massive than the Earth. In fact, Jupiter has 2 Vi times the 
combined mass of all the other planets, satellites, asteroids, mete¬ 
oroids, and comets in the solar system. A visitor from interstellar 
space might well describe our solar system as mainly one star, the 
Sun, one big planet, Jupiter, and then some smaller, orbiting 
debris! 


Key Ideas 


BY READING THE SECTIONS OF THIS CHAPTER, YOU WILL LEARN 


02) Dynamic atmospheres of Jupiter and Saturn change 
rapidly 

(£2) Uranus and Neptune have seemingly quiet atmospheres 


7-3 


GS) 


Saturn's moon Titan and Neptune’s moon Triton exhibit 
unexpected atmospheres 

All Jovian planet atmospheres are encircled by complex ring 
systems 
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(a) 

Figure 7-1 R I V U X G 

Jupiter and Saturn as Viewed from Earth (a) The disk of Jupiter at opposition appears 
about 2 times larger than (b) the disk of Saturn at opposition, which is about 2 times 



(b) 


farther away. Both planets display dark and light bands, though these are fainter on Saturn. 
(a: Courtesy of Stephen Larson; b: NASA) 


Observing Jupiter and Saturn 

As is true for any planet whose orbit lies outside the Earth’s orbit, 
the best time to observe Jupiter or Saturn is when they are at op¬ 
position (see Figure 3-8). At opposition, Jupiter can appear nearly 
3 times brighter than Sirius, the brightest star in the sky. Only the 
Moon and Venus can outshine Jupiter at opposition. Saturn’s bright¬ 
ness at opposition is only about one-seventh that of Jupiter, but it 
still outshines all of the stars except Sirius and Canopus. 

Through a telescope, Jupiter at opposition appears as a disk 
approximately twice the angular diameter of Saturn under the most 


favorable conditions (Figure 7-la). Because Jupiter takes almost a 
dozen Earth years to orbit the Sun, it appears to meander slowly 
across the constellations of the zodiac at the rate of approximately 
one constellation per year. 

Saturn’s orbital period is even longer, more than 29 Earth years, 
so it moves even more slowly across the zodiac. If Saturn did not 
move at all, successive oppositions would occur exactly one Earth 
year apart; thanks to its slow motion, Saturn’s oppositions occur at 
intervals of about one year and two weeks. At opposition Saturn 
appears to be only about half the size of Jupiter at opposition be¬ 
cause it is 2 times farther away from the Sun. But, a view of Saturn 



(a) Jupiter 


a'S. i A'S«r^ 


0 0 


Figure 7-2 RIVUXG 

Jupiter and Saturn as Viewed from Space (a) This view of 
Jupiter is a composite of four images made by the Cassini spacecraft as it flew past 
Jupiter in 2000. (b) Images from the Voyager 2 spacecraft as it flew past Saturn in 1981 


Zones 

(light-colored) 



Belts 

(dark-colored) 


Shadow of Mimas 
(a moon of Saturn) 


(b) Saturn 


were combined to show the planet in approximately natural color, (a: NASA/JPL/ 
University of Arizona; b: USGS/NASA/JPL) 
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presents a more dramatic difference from Jupiter: Saturn is sur¬ 
rounded by a magnificent system of rings (Figure 7-1 b). 

As seen through an Earth-based telescope, both Jupiter and Sat¬ 
urn display colorful bands that extend around each planet parallel 
to its equator. More detailed close-up views of Jupiter from a space¬ 
craft (Figure 7-2a) show alternating dark and light bands parallel to 
Jupiter’s equator in subtle tones of red, orange, brown, and yellow. 
The dark, reddish bands are called belts, and the light-colored bands 
are called zones. The image of Saturn in Figure 7-2 b shows similar 
features, but with colors that are much less pronounced. 

In addition to these conspicuous stripes, a huge, red-orange 
oval, called the Great Red Spot, is often visible in Jupiter’s southern 
hemisphere. This remarkable feature was probably first reported by 
the English scientist Robert Hooke in 1664 but may be much older. 
It appears to be an extraordinarily long-lived storm in the planet’s 
dynamic atmosphere. Saturn has no long-lived storm systems of this 
kind. However, many careful observers have reported smaller spots 
and blemishes in the atmospheres of both Jupiter and Saturn that 
last for only a few weeks or months. 

Observations of features like the Great Red Spot and smaller 
storms allow astronomers to determine how rapidly Jupiter and 
Saturn rotate. At its equator, Jupiter completes a full rotation in 
only 9 hours, 50 minutes, and 28 seconds, making it not only the 
largest and most massive planet in the solar system but also the 
one with the fastest rotation. However, Jupiter rotates in a strik¬ 
ingly different way from the solid objects of Earth, the Moon, 
Mercury, Venus, or Mars. 

If Jupiter were a solid body like a terrestrial planet (or, for that 
matter, a billiard ball), all parts of Jupiter’s surface would rotate 
through one complete circle in this same amount of time (Figure 
7-3). But by watching features in Jupiter’s cloud cover, Gian 


Solid rotation typifies 
the terrestrial planets: 

Every part of the object 
takes exactly the same time 
to complete one rotation. 



(a) 


Differential rotation typifies 
Jupiter and Saturn: Particles 
at different locations in 
the fluid take different lengths 
of time to complete one rotation. 



Figure 7-3 

Solid Rotation Versus Differential Rotation (a) AH parts of a solid object rotate 
together, but (b) a rotating fluid displays differential rotation. To see this, put some grains 
of sand, bread crumbs, or other small particles in a pot of water. Stir the water with a 
spoon to start it rotating, then take out the spoon. The particles near the center of the pot 
take less time to make a complete rotation than do those away from the center. 


Domenico Cassini discovered in 1690 that the polar regions of the 
planet rotate a little more slowly than do the equatorial regions. 
Near the poles, the rotation period of Jupiter’s atmosphere is about 
9 hours, 55 minutes, and 41 seconds. Saturn, too, has a longer rota¬ 
tion period near its poles (10 hours, 39 minutes, and 24 seconds) 
than at its equator (10 hours, 13 minutes, and 59 seconds). 

You can see this kind of rotation, called differential rotation, 
in the kitchen. As you stir the water in a pot, different parts of the 
liquid take different amounts of time to make one “rotation” around 
the center of the pot (Figure 7-3 b). Differential rotation shows that 
neither Jupiter nor Saturn can be solid throughout their volumes: 
They must be at least partially fluid, like water in a pot. But, just 
what are these giant planets made of? 


( ConceptCheck 7-1 ) Will Jupiter’s rocky moons, such as 
Ganymede, exhibit differential rotation? 

Answer appears at the end of the chapter. 

The Compositions of Jupiter and Saturn 

If Jupiter and Saturn have partially fluid interiors, they cannot be 
made of the rocky materials that constitute the terrestrial planets. 
An important clue to the compositions of Jupiter and Saturn is their 
average densities, which are only 1326 kg/m 3 for Jupiter and 687 
kg/m 3 for Saturn. (By comparison, the Earth’s average density is 
5515 kg/m 3 .) The only way to account for such giant planets having 
such low densities is to assume that Jupiter and Saturn are com¬ 
posed mostly of hydrogen and helium atoms—the two lightest ele¬ 
ments in the universe—held together by their mutual gravitational 
attraction to form a planet. This chemical composition is quite simi¬ 
lar to the chemical composition of our Sun, and of many of the 
distant stars as well. 

After centuries of speculation, the presence of helium on Ju¬ 
piter and Saturn was finally confirmed in the 1970s and 1980s, 
when spacecraft first flew past these planets and measured their 
hydrogen spectra in detail. Today we know that the chemical com¬ 
position of Jupiter’s atmosphere is 86.2% hydrogen molecules 
(H 2 ), 13.6% helium atoms, and 0.2% methane, ammonia, water 
vapor, and other gases. The percentages in terms of mass are some¬ 
what different because a helium atom is twice as massive as a 
hydrogen molecule. Hence, by mass, Jupiter’s atmosphere is ap¬ 
proximately 75% hydrogen, 24% helium, and 1% other sub¬ 
stances, quite similar to that of the Sun. It is estimated that the 
breakdown by mass of the planet as a whole (atmosphere plus 
interior) is approximately 71% hydrogen, 24% helium, and 5% 
heavier elements. 

Jupiter and Saturn are thought to have large rocky cores. But 
data from Earth-based telescopes and spacecraft show that, unlike 
Jupiter’s, the atmosphere of Saturn has a serious helium deficiency: 
Its chemical composition is 96.3% hydrogen molecules, 3.3% he¬ 
lium, and 0.4% other substances (by mass, 92% hydrogen, 6% 
helium, and 2% other substances). This is a puzzle because Jupiter 
and Saturn are thought to have formed in similar ways from the 
gases of the solar nebula and so both planets (and the Sun) should 
have essentially the same abundances of hydrogen and helium. So 
where did Saturn’s helium go? 
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The explanation may be simply that Saturn is slightly smaller 
than Jupiter, and as a result Saturn would have cooled more rapidly. 
This cooling would have triggered a process analogous to the way 
rain develops here on Earth. When the air is cool enough, humidity 
in the Earth’s atmosphere condenses into raindrops that fall to the 
ground. On Saturn, however, it is droplets of liquid helium that 
condense within the planet’s cold, hydrogen-rich outer layers. In 
this scenario, helium is deficient in Saturn’s upper atmosphere sim¬ 
ply because it has fallen farther down into the planet. By contrast, 
Jupiter’s helium has not rained out because its upper atmosphere is 
warmer and the helium does not form droplets. 

ANALOGY An analogy to helium “rainfall” within Saturn is what 
happens when you try to sweeten tea by adding sugar. If the tea is 
cold, the sugar does not dissolve well and tends to sink to the bottom 
of the glass even if you stir the tea with a spoon. But if the tea is hot, 
the sugar dissolves with only a little stirring. In the same way, it is 
thought that the descending helium droplets once again dissolve in 
hydrogen when they reach the warmer depths of Saturn’s interior. 

In this scenario, Jupiter and Saturn both have about the same 
overall chemical composition. But Saturn’s smaller mass, less than 
a third that of Jupiter, means that there is less gravitational force 
tending to compress its hydrogen and helium. This explains why 
Saturn’s density is only about half that of Jupiter, and is in fact the 
lowest of any planet in the solar system. 

CAUTION Because Jupiter and Saturn are almost entirely hydrogen 
and helium, it would be impossible to land a spacecraft on either 
planet (Figure 7-4). An astronaut foolish enough to try would notice 
the hydrogen and helium around the spacecraft becoming denser, 
the temperature rising, and the pressure increasing as the spacecraft 
descended. But the hydrogen and helium would never solidify into 
a surface on which the spacecraft could touch down. Long before 
reaching the planet’s rocky core, the pressure of the hydrogen and 
helium would reach such unimaginably high levels that any space¬ 
craft, even one made of the strongest known materials, would be 
crushed. 

One might consider that developing this detailed an under¬ 
standing is nothing short of amazing, considering that Jupiter and 
Saturn are never closer than 500 million kilometers and 1 billion 
kilometers away from Earth, respectively. We can learn even more 
when we study them at close range. 

( ConceptCheck 7-2) If Jupiter and Saturn formed with nearly the 
same chemical composition, why might Jupiter be observed to have 
more helium than Saturn? 

Answer appears at the end of the chapter. 

Robotic Spacecraft Discoveries of 
Jupiter and Saturn's Atmospheres 

Most of our detailed understanding of Jupiter and Saturn comes 
from a series of robotic spacecraft that have examined these remark¬ 
able planets at close range. They found striking evidence of stable, 
large-scale weather patterns in both planets’ atmospheres, as well 
as evidence of dynamic changes on smaller scales. 


The first several spacecraft to visit Jupiter and Saturn each 
made a single flyby of the planet. Pioneer 10 flew past Jupiter in 
December 1973; it was followed a year later by the nearly identical 
Pioneer 11, which went on to make the first-ever flyby of Saturn in 
1979. Also in 1979, another pair of spacecraft, Voyager 1 and Voy¬ 
ager 2, sailed past Jupiter. These spacecraft sent back spectacular 
close-up color pictures of Jupiter’s dynamic atmosphere. Both Voy¬ 
agers subsequently flew past Saturn. 

The first spacecraft to go into Jupiter orbit was Galileo, which 
carried out an extensive program of observations from 1995 to 
2003. The Cassini spacecraft went into orbit around Saturn in 2004. 
A cooperative project of NASA, the European Space Agency, and 
the Italian Space Agency, this spacecraft is named for the astrono¬ 
mer Gian Domenico Cassini. On the way to its destination it viewed 
Jupiter at close range, recording detailed images such as Figure 7-2 a 
and the image of Jupiter that opens this chapter. 


(a) Jupiter 


Liquid Rocky Helium and liquid Ordinary hydrogen 
“ices” core metallic hydrogen and helium 


(b) Saturn 


0 * Figure 7-4 

^ The Internal Structures of Jupiter and Saturn These diagrams of the 
interiors of Jupiter and Saturn are drawn to the same scale. Each planet’s rocky core is 
surrounded by an outer core of liquid “ices,” a layer of helium and liquid metallic hydrogen, 
and a layer of helium and ordinary molecular hydrogen (H 2 ). Saturn’s rocky core contains 
a larger fraction of the planet’s mass than does Jupiter’s core, while Saturn has a smaller 
relative volume of liquid metallic hydrogen than Jupiter. 
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(a) Pioneer 11, December 1974 


(b) Voyager 2, July 1979 


(c) HST, February 1995 




Figure 7-5 R I V U X G 


Jupiter’s Changing Appearance These images from spacecraft (a, b) and the 
Hubble Space Telescope (c) show major changes in the planet’s upper atmosphere over a 


20-year period, (a, b: NASA/JPL; c: Reta Beebe and Amy Simon, New Mexico State 
University, and NASA) 


While the general pattern of Jupiter’s atmosphere stayed 
about the same during the four years between the Pioneer and 
Voyager flybys, there were some remarkable changes in the area 
surrounding the centuries-old Great Red Spot. During the Pioneer 
flybys, the Great Red Spot was embedded in a broad white zone 
that dominated the planet’s southern hemisphere (Figure 7-5a). 
By the time of the Voyager missions, a dark belt had broadened 
and encroached on the Great Red Spot from the north (Figure 
7-5b). In the same way that colliding weather systems in our at¬ 
mosphere can produce strong winds and turbulent air, the interac¬ 
tion in Jupiter’s atmosphere between the belt and the Great Red 
Spot embroiled the entire region in turbulence (Figure 7-6). By 
1995, the Great Red Spot was once again centered within a white 
zone (Figure 7-5c); when Cassini flew past Jupiter in 2000, the 
dark belt to the north of the Great Red Spot embroiled the entire 
region in turbulence. 

Over the past three centuries, Earth-based observers have re¬ 
ported many long-term variations in the Great Red Spot’s size and 
color. At its largest, it measured 40,000 by 14,000 km—so large 
that three Earths could fit side by side across it. At other times (as 
in 1976 and 1977), the spot almost faded from view. During the 
Voyager flybys of 1979, the Great Red Spot was comparable in size 
to the Earth (see Figure 7-6). 

Other persistent features in Jupiter’s atmosphere are the white 
ovals. Several white ovals are visible in Figure 7-5 c. As in the Great 
Red Spot, wind flow in white ovals is counterclockwise. White ovals 
are also apparently long-lived; Earth-based observers have reported 
seeing them in the same location since 1938. 

Most of the white ovals are observed in Jupiter’s southern 
hemisphere, whereas brown ovals are more common in Jupiter’s 
northern hemisphere. Brown ovals appear dark in a visible-light 
image like Figure 7 -5c, but they appear bright in an infrared 
image. For this reason, brown ovals are understood to be holes 
in Jupiter’s cloud cover. They permit us to see into the depths of 


the Jovian atmosphere, where the temperature is higher and the 
atmosphere emits infrared light more strongly. White ovals, by 
contrast, have relatively low temperatures. They are areas with 
cold, high-altitude clouds that block our view of the lower levels 
of the atmosphere. What is perhaps even more curious is that 
these white ovals can merge and form even larger features. 



Figure 7-6 R I V U X G 

Circulation Around the Great Red Spot This 1979 image from Voyager 2 shows 
atmospheric turbulence and the direction of winds around the Great Red Spot (compare 
Figure 7-5 b, taken at approximately the same time). Winds within the Great Red Spot itself 
make it spin counterclockwise, completing a full revolution in about 6 days. (NASA/JPL; 
adapted from A. P. Ingersoll) 
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(ConceptCheck 7-3 ) Besides color, what is the difference 
between Jupiter’s white ovals and brown ovals? 

Answer appears at the end of the chapter. 


Jupiter and Saturn’s Cloud Layers 


<ojjM/ 


If white ovals obscure warmer cloud layers below, you 
might wonder just how many layers exist. From spec¬ 
troscopic observations and calculations of atmospheric 
temperature and pressure, scientists conclude that both Jupiter 
and Saturn have three main cloud layers of differing chemical 
composition. The uppermost cloud layer is composed of crystals 
of frozen ammonia. Deeper in the atmosphere, ammonia (NH 3 ) 
and hydrogen sulfide (H 2 S)—a compound of hydrogen and sul¬ 
fur—combine to produce ammonium hydrosulfide (NH 4 SH) crys¬ 
tals. At even greater depths, the clouds are composed of crystals 
of frozen water. 

Jupiter’s strong surface gravity compresses these cloud layers 
into a region just 75 km deep in the planet’s upper atmosphere 
(Figure 7-7a). But Saturn has a smaller mass and hence weaker 
surface gravity, so the atmosphere is less compressed and the same 
three cloud layers are spread out over a range of nearly 300 km 
(Figure 7-7b). The colors of Saturn’s clouds are less dramatic than 
Jupiter’s (see Figure 7-2 a) because deeper cloud layers are partially 
obscured by the hazy atmosphere above them. 

The colors of clouds on Jupiter and Saturn depend on the com¬ 
position and temperatures of the clouds and, therefore, on the depth 
of the clouds within the atmosphere. Brown clouds are the warmest 
and are thus the deepest layers that we can see. Whitish clouds form 
the next layer up, followed by red clouds in the highest layer. The 
whitish zones on each planet are therefore somewhat higher than 


the brownish belts, while the red clouds in Jupiter’s Great Red Spot 
are among the highest found anywhere on that planet. 

By observing Jupiter and Saturn’s cloud layers from a distance, 
we have been able to learn a great deal about the atmospheres be¬ 
neath the clouds. But there is no substitute for making measure¬ 
ments on site, and for many years scientists planned to send a 
spacecraft to explore deep into Jupiter’s atmosphere. While still 
81.52 million kilometers (50.66 million miles) from Jupiter, the 
Galileo spacecraft released the Galileo Probe, a cone-shaped body 
about the size of an office desk. While Galileo itself later fired its 
rockets to place itself into an orbit around Jupiter, the Galileo Probe 
continued on a course that led it, on December 7, 1995, to a point 
in Jupiter’s clouds just north of the planet’s equator. 

A heat shield protected the Galileo Probe as air friction 
slowed its descent speed from 171,000 km/h (106,000 mi/h) to 
40 km/h (25 mi/h) in just 3 minutes. The spacecraft then deployed 
a parachute and floated down through the atmosphere (Figure 
7-8). For the next hour, the probe observed its surroundings and 
radioed its findings back to the main Galileo spacecraft, which 
in turn radioed them to Earth. The mission ceased at a point some 
200 km (120 mi) below Jupiter’s upper cloud layer, where the 
tremendous pressure (24 atmospheres) and high temperature 
(152°C = 305°F) finally overwhelmed and crushed the probe’s 
electronics. 

Although the Galileo Probe did not have a camera, it did 
carry a variety of instruments that made several new discoveries. 
A radio-emissions detector found evidence for lightning dis¬ 
charges that, while less frequent than on Earth, are individually 
much stronger than lightning bolts in our atmosphere. Other 
measurements showed that Jupiter’s winds, which are brisk in the 
atmosphere above the clouds, are even stronger beneath the 
clouds: The Galileo Probe measured a nearly constant wind speed 


Figure 7-7 

The Upper Atmospheres of Jupiter and Saturn The black curves in 
these graphs show temperature versus altitude in each atmosphere, as 
well as the probable arrangements of the cloud layers. Zero altitude in 
each atmosphere is chosen to be the point where the pressure is 100 
millibars, or one-tenth of Earth’s atmospheric pressure. Beneath both 
planets’ cloud layers, the atmosphere is composed almost entirely of 
hydrogen and helium. (Adapted from A. P. Ingersoll) 


(a) Jupiter’s atmosphere (b) Saturn’s atmosphere 
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Figure 7-8 

The Galileo Probe Enters Jupiter's Atmosphere This artist’s impression shows the 
Galileo Probe descending under a parachute through Jupiter’s clouds. The jettisoned heat 
shield (shown to the right of the probe) protected the probe during its initial high-speed 
entry into the atmosphere. The Galileo Probe returned data for 58 minutes before it was 
crushed and melted by the pressure and temperature of the atmosphere. (NASA) 


of 650 km/h (400 mi/h) throughout its descent. This shows con¬ 
vincingly that the energy source for the winds is from Jupiter’s 
own interior heat. If the winds were driven primarily by solar 
heating, as is the case on Earth, the wind speed would have de¬ 
creased with increasing depth. A central purpose of the Galileo 
Probe mission was to test a three-layer cloud model depicted in 
Figure 7-7a by making direct measurements of Jupiter’s clouds. 
But the probe saw only traces of the NH 3 and NH 4 SH cloud layers 
and found no sign at all of the low-lying water clouds. One ex¬ 
planation of this surprising result is that the probe by sheer 
chance may have entered a hot spot, an unusually warm and 
cloud-free part of Jupiter’s atmosphere. Indeed, observations from 
the Earth showed strong infrared emission from the probe entry 
site, as would be expected where a break in the cloud cover allows 
a view of Jupiter’s warm interior (Figure 7-9). 

Another surprising and potentially important result from the 
Galileo Probe concerns three elements, argon (Ar), krypton (Kr), 
and xenon (Xe). These elements are relatively unique in that they 
do not combine with other atoms to form molecules. All three of 
these elements appear only in tiny amounts in the Earth’s atmo¬ 
sphere and in the Sun, and so must also have been present in the 
original solar nebula. But the Galileo Probe found that argon, 
krypton, and xenon are about 3 times as abundant in Jupiter’s 
atmosphere as in the Sun’s. If these elements were incorporated 
into Jupiter directly from the gases of the solar nebula, they 
should be equally as abundant in Jupiter as in the Sun. So, the 
excess amounts of argon, krypton, and xenon must have entered 
Jupiter in the form of solid planetesimals, just as did carbon, 
nitrogen, and sulfur. 



(a) Visible-light image 


Figure 7-9 R I V U X G 

Jupiter’s Warm Belts and Cool Zones (a) This visible-light image of Jupiter was made by 
the Voyager 1 spacecraft, (b) Bright and dark areas in this Earth-based infrared image, taken 



(b) Infrared image 


at the same time as the image in (a), correspond to high and low temperatures, respectively. 
(NASA/JPL) 
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Jupiter and Saturn are extremely large planets orbiting far 
from other planets. But, they are not the only gaseous planets in 
the outer solar system. As we look farther into the distant outer 
solar system, where temperatures are even lower being so far from 
our Sun, one wonders if the other gaseous planets are similar or 
different. 

(ConceptCheck 7-4 ) Why might Jupiter’s cloud layers be more 
compressed than Saturn’s? 

Answer appears at the end of the chapter. 

(JED Uranus and Neptune have seemingly 
quiet atmospheres 

x O t Rl ^ Through a large, modern telescope, both Uranus and 
K i|W] 7° Neptune are dim, uninspiring sights. Each planet appears 
as a hazy, featureless disk with a faint greenish-blue tinge. 
Although Uranus and Neptune are both about 4 times larger in di¬ 
ameter than Earth, they are so distant that their angular dimensions 
as seen from the Earth are tiny. To an Earth-based observer, Uranus 
is roughly the size of a golf ball seen at a distance of 1 kilometer, and 
Neptune, being 2 times farther away, about half that size. 

From 2007 through 2011, Uranus and Neptune were less than 
40° apart in the sky in the adjacent constellations of Pisces, Aquar¬ 
ius, and Capricornus (the Sea Goat). During these years, the two 
planets are at opposition in either August or September, which are 
thus the best months to view them with a telescope. How are these 
planets similar and how are they different? 

Uranus's Atmosphere 

Only one space probe has ever visited Uranus. Scientists had 
hoped that Voyager 2 would reveal cloud patterns in Uranus’s 
atmosphere when it flew past the planet in January 1986. But 
even images recorded at close range showed Uranus to be remark¬ 
ably featureless (Figure 7-10). Faint cloud markings became vis¬ 
ible in images of Uranus only after extreme computer enhancement 
(Figure 7-11). 

Voyager 2 data confirmed that the Uranian atmosphere is 
dominated by hydrogen (82.5%) and helium (15.2%), similar to 
the atmospheres of Jupiter and Saturn. Uranus differs, however, 
in that 2.3% of its atmosphere is methane (CH 4 ), which is 5 to 
10 times the percentage found on Jupiter and Saturn. In fact, 
Uranus has a higher percentage of all heavy elements—including 
carbon atoms, which are found in molecules of methane—than 
do Jupiter and Saturn. 

Methane preferentially absorbs the longer wavelengths of vis¬ 
ible light, so sunlight reflected from Uranus’s upper atmosphere is 
depleted of its reds and yellows. This gives the planet its distinct 
greenish-blue appearance. Ultraviolet light from the Sun turns some 
of the methane gas into a hydrocarbon haze, making it difficult to 
see the lower levels of the atmosphere. 

Ammonia (NH 3 ), which constitutes 0.01 to 0.03% of the at¬ 
mospheres of Jupiter and Saturn, is almost completely absent from 



Figure 7-10 R I V U X G 

Uranus from Voyager 2 This image looks nearly straight down onto Uranus’s south pole, 
which was pointed almost directly at the Sun when Voyager 2 flew past in 1986. None of 
the Voyager 2 images of Uranus shows any pronounced cloud patterns. The color is due to 
methane in the planet’s atmosphere, which absorbs red light but reflects green and blue. 
(JPL/NA5A) 


South pole Cloud bands 



Northern hemisphere storms 


Figure 7-11 R I V U X G 

Uranus from the Hubble Space Telescope Images made at ultraviolet, visible, and 
infrared wavelengths were combined and enhanced to give this false-color view of cloud 
features on Uranus. These images were captured in August 2004 (18 years after the image 
in Figure 7-10), during springtime in Uranus’s northern hemisphere. (NASA and Erich 
Karkoschka, University of Arizona) 


the Uranian atmosphere. The reason is that Uranus is colder than 
Jupiter or Saturn: The temperature in its upper atmosphere is only 
55 K (—218°C = -360°F). Ammonia freezes at these very low 
temperatures, so any ammonia has long since precipitated out of 
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the atmosphere and into the planet’s interior. For the same reason, 
Uranus’s atmosphere is also lacking in water. Hence, the substances 
that make up the clouds on Jupiter and Saturn—ammonia, ammo¬ 
nium hydrosulfide (NH 4 SH), and water—are not available on Ura¬ 
nus. This helps to explain the bland, uniform appearance of the 
planet shown in Figure 7-10. 

The few clouds found on Uranus are made primarily of meth¬ 
ane, which condenses into droplets only if the pressure is sufficiently 
high. Because methane clouds form only at lower levels within the 
atmosphere, they are difficult for us to see. 

By following the motions of clouds and storm systems on 
Uranus, scientists find that the planet’s winds flow to the east— 
that is, in the same direction as the planet’s rotation—at north¬ 
ern and southern latitudes, but to the west near the equator. This 
is quite unlike the situation on Jupiter and Saturn, where the 
zonal winds alternate direction many times between the north 
and south poles. The fastest Uranian winds (about 700 km/h, or 
440 mi/h) are found at the equator. 

Although Uranus’s equatorial region was receiving little 
sunlight at the time of the Voyager 2 flyby, the atmospheric tem¬ 
perature there (about 55 K = -218°C = -359°F) was not too 
different from that at the sunlit pole. Heat must therefore be ef¬ 
ficiently transported from the poles to the equator. This north- 
south heat transport, which is perpendicular to the wind flow, 
may have mixed and homogenized the atmosphere to make Ura¬ 
nus nearly featureless. 

(ConceptCheck 7-5 ) If methane were absent from Uranus’s 
atmosphere, what color would it appear? 

Answer appears at the end of the chapter. 

Neptune Is a Cold, Bluish World with 
Jupiterlike Atmospheric Features 

^ At first glance, Neptune appears to be the twin of Uranus. 
But these two planets are by no means identical. While 
Neptune and Uranus have almost the same diameter, 
Neptune is 18% more massive. As with Uranus, only one space 
probe has ever visited Neptune. When Voyager 2 flew past Neptune 
in August 1989, it revealed that the planet has a more active and 
dynamic atmosphere than Uranus. This activity suggests that Nep¬ 
tune, unlike Uranus, has a powerful source of energy in its interior. 

The Voyager 2 data showed that Neptune has essentially the 
same atmospheric composition as Uranus: 79% hydrogen, 18% 
helium, 3% methane, and almost no ammonia or water vapor. As 
for Uranus, the presence of methane gives Neptune a characteristic 
bluish-green color. The temperature in the upper atmosphere is also 
the same as on Uranus, about 55 K. That this should be so, even 
though Neptune is much farther from the Sun, is further evidence 
that Neptune has a strong internal heat source. 

Unlike Uranus, however, Neptune has clearly visible cloud 
patterns in its atmosphere. At the time that Voyager 2 flew past 
Neptune, the most prominent feature in the planet’s atmosphere 
was a giant storm called the Great Dark Spot (Figure 7-12). The 
Great Dark Spot had a number of similarities to Jupiter’s Great 
Red Spot. The storms on both planets were comparable in size to 



Figure 7-12 RIVUXG 

Neptune from Voyager 2 When this picture of Neptune’s southern 
hemisphere was taken in 1989, the Great Dark Spot measured about 12,000 by 8000 km, 
comparable in size to the Earth. (A smaller storm appears at the lower left.) The white 
clouds are thought to be composed of crystals of methane ice. The color contrast in this 
image has been exaggerated to emphasize the differences between dark and light areas. 
(NASA/JPL) 


the Earth’s diameter, both appeared at about the same latitude in 
the southern hemisphere, and the winds in both storms circulated 
in a counterclockwise direction (see Figure 7-6). But Neptune’s 
Great Dark Spot appears not to have been as long-lived as the 
Great Red Spot on Jupiter. When the Hubble Space Telescope first 
viewed Neptune in 1994, the Great Dark Spot had disappeared. 
Another dark storm appeared in 1995 in Neptune’s northern 
hemisphere. 

Voyager 2 also saw a few conspicuous whitish clouds on Nep¬ 
tune. These clouds are thought to be produced when winds carry 
methane gas into the cool, upper atmosphere, where it condenses into 
crystals of methane ice. Voyager 2 images show these high-altitude 
clouds casting shadows onto lower levels of Neptune’s atmosphere 
(Figure 7-13). Images from the Hubble Space Telescope also show the 
presence of high-altitude clouds (Figure 7-14). 

Thanks to its greater distance from the Sun, Neptune receives 
less than half as much energy from the Sun as Uranus. But with 
less solar energy available to power atmospheric motions, why 
are there high-altitude clouds and huge, dark storms on Neptune 
but not on Uranus? At least part of the answer is probably that 
Neptune is still slowly contracting, thus converting gravitational 
energy into thermal energy that heats the planet’s core. (The same 
is true for Jupiter and Saturn.) The evidence for this is that 
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Figure 7-13 R I V U X G 

Cirrus Clouds over Neptune Voyager 2 recorded this image of clouds near Neptune’s 
terminator (the border between day and night on the planet). Like wispy, high-altitude 
cirrus clouds in the Earth’s atmosphere, these clouds are thought to be made of ice crystals. 
The difference is that Neptune’s cirrus clouds are probably methane ice, not water ice. 
(NA5A/JPL) 



Figure 7-14 R I V U X G 

Neptune’s Banded Structure This enhanced-color Hubble Space Telescope image shows 
Neptune’s belts and zones. White areas denote high-altitude clouds; the very highest 
clouds (near the top of the image) are shown in yellow-red. The green belt near the south 
pole is a region where the atmosphere absorbs blue light, perhaps indicating a different 
chemical composition there. (Lawrence Sromovsky, University of Wisconsin-Madison; 
STScl/NASA) 


Neptune, like Jupiter and Saturn but unlike Uranus, emits more 
energy than it receives from the Sun. The combination of a warm 
interior and a cold outer atmosphere can cause convection in 
Neptune’s atmosphere, producing the up-and-down motion of 
gases that generates clouds and storms. Neptune also resembles 
Jupiter in having faint belts and zones parallel to the planet’s 
equator (see Figure 7-14). 

Like those on Uranus, most of Neptune’s clouds are probably 
made of droplets of liquid methane. Because these droplets form 
fairly deep within the atmosphere, the clouds are more difficult 
to see than the ones on Jupiter. Hence, Neptune’s belts and zones 
are less pronounced than Jupiter’s, although more so than those 
on Uranus (thanks to the extra cloud-building energy from Nep¬ 
tune’s interior). As described above, Neptune’s high-altitude 
clouds (see Figure 7-13) are probably made of frozen methane. 

Figure 7-15 shows one model for the present-day internal 
structures of Uranus and Neptune. In this model each planet has 
a rocky core roughly the size of Earth, although more massive. 
Each planet’s core is surrounded by a mantle of liquid water and 
ammonia. (This means that the mantle is chemically similar to 
household window cleaning fluid.) Around the mantle is a layer 
of liquid molecular hydrogen and liquid helium, with a small 
percentage of liquid methane. This layer is relatively shallow com¬ 
pared to those on Jupiter and Saturn, and the pressure is not high 
enough to convert the liquid hydrogen into liquid metallic 


hydrogen. The figures in Cosmic Connections: The Outer Planets: 
A Comparison summarize the key properties of Uranus and Nep¬ 
tune and how they compare with those of Jupiter and Saturn. 

( ConceptCheck 7-6 ) Why would scientists be surprised that 
Neptune had active belts and zones, unlike Uranus? 

Answer appears at the end of the chapter. 


Saturn's moon Titan and Neptune's 
moon Triton exhibit unexpected atmospheres 

Each time we send spacecraft to obtain close-up views of distant 
planets, we find perhaps even more intriguing and unexpected ob¬ 
servations of the unusual moons orbiting the gas giant planets. 
There are more than 100 of these orbiting objects, each one signifi¬ 
cantly different from the next (see Table 4.2). We discussed some 
of the dynamic geological processes shaping the surfaces of these 
objects in the last chapter. Now that we’ve discussed the nature of 
their larger host planets, we’re in a position to explore the nature 
of their atmospheres. We’ll limit our discussion to focus on the two 
objects with the most interesting atmospheres. 
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Figure 7-15 

The Internal Structures of Uranus and Neptune In the model shown here, both Uranus 
and Neptune have a rocky core, resembling a terrestrial planet; a mantle of liquid water 
with ammonia dissolved in it; and an outer layer of liquid molecular hydrogen and liquid 

Saturn's Moon Titan 

Unlike Jupiter, Saturn has only one large satellite that is comparable 
in size to our own Moon. This satellite, Titan, has a diameter of 
5150 km, which makes it second in size among all moons in the 
solar system. Titan has a low density that suggests it is made of a 
mixture and ice and rock. But unlike Ganymede or any other satel¬ 
lite in the solar system, Titan has a thick atmosphere with a unique 
chemical composition. 

By the early 1900s, scientists had begun to suspect that Titan 
(Figure 7-16) might have an atmosphere, because it is cool enough 


helium. The atmospheres are very thin shells on top of the hydrogen-helium layer. Uranus 
and Neptune have about the same diameter, but Neptune is more massive so may have a 
somewhat larger core. 

and massive enough to retain heavy gases. Titan’s atmosphere is so 
thick—about 200 km (120 mi) deep, or about 10 times the depth 
of the Earth’s troposphere—that it blocks most views of the sur¬ 
face. The haze surrounding Titan is so dense that little sunlight 
penetrates to the ground; noon on Titan is only about 1/1000 as 
bright as noon on Earth, though still 350 times brighter than night 
on Earth under a full moon. 

On Earth water can be a gas (like water vapor in the atmo¬ 
sphere), a liquid (as in the oceans), or a solid (as in the polar ice 
caps). On Titan, the atmospheric pressure is so high and the surface 
temperature is so low—about 95 K ( — 178°C, or -288°F)—that 


Figure 7-16 R I V U X G 

Titan Titans haze is so dense, little sunlight 
penetrates to the ground. This shot, taken by the 
Cassini, also shows another of Saturn’s moons, 
Tethys, in the background. (NASA/JPL/Space 
Science Institute) 







( COSMIC CONNECTIONS ) The Outer Planets: A Comparison 

± _i_ • • _ ■ _ •• • * . _ : 


Uranus and Neptune are not simply smaller versions of Jupiter and Saturn. This table 
summarizes the key differences among the four Jovian planets. 



Interior 

Surface 

Rings 

Atmosphere 

Jupiter 

Terrestrial core, liquid 
metallic hydrogen 
shell, liquid hydrogen 
mantle 

No solid surface, 
atmosphere gradually 
thickens to liquid state, 
belt and zone structure, 
hurricanelike features 

Yes 

Primarily H, He 

Saturn 

Similar to Jupiter, 
with bigger terrestrial 
core and less metallic 
hydrogen 

No solid surface, less 
distinct belt and zone 
structure than Jupiter 

Yes 

Primarily H, He 

Uranus 

Terrestrial core, liquid 
water shell, liquid 
hydrogen and helium 
mantle 

No solid surface, weak 
belt and zone system, 
hurricanelike features, 
color from methane 
absorption of red, 
orange, yellow 

Yes 

Primarily H, He, 
some CH 4 

Neptune 

Similar to Uranus 

Like Uranus 

Yes 

Primarily H, He, 
some CH 4 


For detailed comparisons between planets, see Appendices 1 and 2. 
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any water is frozen solid. But conditions on Titan are just right for 
methane and ethane to exist as gases, liquids, or solids. This raises 
the tantalizing possibility that Titan could have methane rain and 
lakes of liquid ethane. 

Nitrogen in Titan’s atmosphere can combine with airborne hy¬ 
drocarbons to produce other compounds, such as hydrogen cyanide 
(HCN). Hydrogen cyanide, along with other molecules, can join 
together in long, repeating molecular chains that, when suspended 
in the atmosphere, are thought to be responsible for the reddish- 
brown color seen in Figure 7-16. 

^ The designers of the Cassini mission to Saturn made 
|lt| ^ the exploration of Titan a central goal. During its pri- 
mary mission in Saturn orbit from 2004 to 2008, the 
Cassini spacecraft made 44 close flybys of Titan. Titan’s atmo¬ 
sphere is more transparent to infrared wavelengths than to visi¬ 
ble light, so Cassini used its infrared telescope to obtain the first 
detailed images of the satellite’s surface (Figure 7-17a). Most of 
the surface is light-colored, but a swath of dark terrain extends 
around most of Titan’s equator. 

Cassini has used its on-board radar to map the dark terrain. 
(Like infrared light, radio waves can pass through Titan’s atmo¬ 
sphere.) These images reveal a series of long, parallel lines of sand 
dunes about 1 to 2 km apart. These are aligned west to east, in 
the same direction that winds blow at Titan’s equator, and so 
presumably formed by wind action. Unlike Earth sand, which is 
made of small particles of silicate rock, sand on Titan is probably 


small particles of water ice combined with molecules that have 
fallen from Titan’s atmosphere, which give the dark terrain its 
color. 

The most remarkable images of Titan’s surface have come from 
Huygens, a small lander that Cassini carried on its journey from 
Earth and released before entering Saturn orbit. Named for the 
discoverer of Titan, Huygens entered Titan’s atmosphere on January 
14,2005. The lander took 2 Vi hours to descend to the surface under 
a parachute, during which time it made detailed images of the ter¬ 
rain (Figure 7-1 7b). After touchdown, Huygens continued to return 
data for another 70 minutes (Figure 7-1 7c) before its batteries suc¬ 
cumbed to Titan’s low temperatures. 

Huygens images such as Figure 7-1 7b show that liquids have 
indeed flowed on Titan like water on Earth. Yet none of the images 
made by the lander during its descent or after touchdown showed 
any evidence of standing liquid. There was nonetheless evidence of 
recent methane rainfall at the Huygens landing site. A lander instru¬ 
ment designed to measure atmospheric composition was equipped 
with a heater for its gas inlet. During the 3 minutes it took to warm 
this inlet, the measured methane concentration jumped by 30% and 
then remained steady. The explanation is that the ground was 
soaked with liquid methane that had fallen as rain and which evapo¬ 
rated as it was warmed by the heater. Huygens measurements indi¬ 
cate that the average annual methane rainfall on Titan is about 5 
cm (2 in.), about the same as the amount of water rain that falls 
each year at Death Valley in California. The rivers and outflow 




1. Liquid flowed in a 
number of small streams... 


2. ...which merged into a river... 


& ) gfc&gSk 


...3. which emptied into a large, 
dark-colored outflow channel. 


4. Dark hydrocarbon polymers from 
Titan's atmosphere fell onto the 
surface, then were washed by methane 
rains into the streams, river, and 
outflow channel. Hence these surface 
features have a dark color. 


(a) 


(b) 



(c) 



Figure 7-17 

Beneath Titan’s Clouds (a) This mosaic of Titan was constructed 
from Cassini images made at visible and infrared wavelengths during a close flyby in 
December 2005. (b) The Huygens lander recorded this view of features on Titan carved by 
flowing liquid. It is too cold on Titan for water to be a liquid, so these streams and river 


must have carried liquid methane or ethane, (c) This nearly true-color Huygens image 
shows the view from Titan’s surface. The 15-cm (6-in.)-wide “rock” is about 85 cm (33 in.) 
from the camera. Unlike Earth rocks, Titan “rocks” are chunks of water ice. (NASA/JPL/ 
Space Science Institute) 
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channels that Huygens observed during its descent may date from 
an earlier period in Titan’s history when methane was more abun¬ 
dant and rainfall was more intense. What is curious is that, within 
the next several hundred million years, methane outgassing from 
the surface of Titan will cease for good. In time the hydrocarbon 
haze will disappear, the skies will clear, and the surface of Titan will 
be revealed to whichever outside observers may gaze upon it in that 
distant era. 

( ConceptCheck 7-7 ^ Prior to the Huygens probe, why was so 
little known about the surface of Titan? 

Answer appears at the end of the chapter. 

Neptune's Moon Triton 

Twice as far from the Sun as Uranus, the planet Neptune has 13 
known satellites. They are named for mythological beings related to 
bodies of water. (Neptune itself is named for the Roman god of the 
sea.) Most of these worlds are small, icy bodies, probably similar to 
the smaller satellites of Uranus. The one striking exception is Triton, 
Neptune’s largest satellite. In many ways Triton is quite unlike any 
other world in the solar system. One difference is that it harbors a 
thin atmosphere, making it the only satellite besides Titan to have one. 

Figure 7-18 shows the icy, reflective surface of Triton as imaged 
by Voyager 2 as it rapidly passed by. There is a conspicuous absence 
of large craters, which immediately tells us that Triton has a young 
surface on which the scars of ancient impacts have largely been 
erased by tectonic activity. There are areas that resemble frozen 
lakes and may be the calderas of extinct ice volcanoes. In the upper 
portion of Figure 7-18 you can see dimpled, wrinkled terrain that 
resembles the skin of a cantaloupe. 

There may still be warmth in Triton’s interior today. Voyager 2 
observed plumes of dark material being ejected from the surface to a 
height of 8 km (5 mi). These plumes may have been generated from 
a hot spot far below Triton’s surface, similar to geysers on the Earth. 
Alternatively, the energy source for the plumes may be sunlight that 
warms the surface, producing subsurface pockets of gas and creating 
fissures in the icy surface through which the gas can escape. 

Triton’s surface temperature is only 38 K (—235°C = — 391°F), 
the lowest of any world yet visited by spacecraft. This temperature 
is low enough to solidify nitrogen, and indeed the spectrum of sun¬ 
light reflected from Triton’s surface shows absorption lines due to 
nitrogen ice as well as methane ice. But Triton is also warm enough 
to allow some nitrogen to evaporate from the surface, like the steam 
that rises from ice cubes when you first take them out of the freezer. 
Voyager 2 confirmed that Triton has a very thin nitrogen atmo¬ 
sphere with a surface pressure of only 1.6 X 10“ 5 atmosphere, about 
the same as at an altitude of 100 km above the Earth’s surface. 
Despite its thinness, Triton’s atmosphere has noticeable effects. The 
first evidence of an atmosphere on Triton came when Voyager 2 saw 
streaked areas on Triton’s surface where dark material has been 
blown downwind by a steady breeze (see Figure 7-18). It also ob¬ 
served dark material ejected from the geyserlike plumes being car¬ 
ried as far as 150 km by high-altitude winds. 

f ConceptCheck 7-8 ) How was an atmosphere detected on Triton? 

Answer appears at the end of the chapter. 
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Triton Several high-resolution Voyager 2 images were combined to 
create this mosaic. The pinkish material surrounding Tritons south polar region is probably 
nitrogen frost. Some of this presumably evaporates when summer comes to the south pole; 
the northward flow of the evaporated gas may cause the dark surface markings. Farther north 
is a brown area of “cantaloupe terrain” that resembles the skin of a melon. (NA5A/JPL) 


(30 All Jovian planet atmospheres are 
encircled by complex ring systems 

When looking at images of Jovian planets showing swirling at¬ 
mospheres and at striking spacecraft data that reveal the nature 
of their moons, it might be easy to forget one of the most fascinat¬ 
ing and poorly understood characteristics of these outer planets. 
Even through a small telescope, Saturn stands out as perhaps the 
most beautiful of all the worlds of the solar system, thanks to its 
majestic rings (Figure 7-19). In this section, we explore the mys¬ 
terious ring systems found around the outer planets. 

Discovering Saturn's Rings 

In 1610, Galileo became the first person to report seeing Saturn 
through a telescope. He saw few details, but he did notice two puz¬ 
zling lumps protruding from opposite edges of the planet’s disk. 
Curiously, these lumps disappeared in 1612, only to reappear in 
1613. Other observers saw similar appearances and disappearances 
over the next several decades. In 1655, the Dutch astronomer Chris¬ 
tiaan Huygens began to observe Saturn with a better telescope than 
had been available to any of his predecessors. On the basis of his 
observations, Huygens suggested that Saturn was surrounded by a 
thin, flattened ring. At times this ring was edge-on as viewed from 
the Earth, making it almost impossible to see. At other times Earth 
observers viewed Saturn from an angle either above or below the 
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Figure 7-19 R I V U X G 

Saturn’s System of Rings This Voyager 1 image shows many details of 
Saturn’s rings. Saturn’s equatorial diameter is labeled, as are the diameters 
of the inner and outer edges of the rings. The C ring is so faint that it 
is almost invisible in this view. Saturn is visible through the rings (look 
near the bottom of the image), which shows that the rings are not solid. 
(NASA/JPL) 


plane of the ring, and the ring was visible, as in Figure 7-1 b. (The 
lumps that Galileo saw were the parts of the ring to either side of 
Saturn, blurred by the poor resolution of his rather small telescope.) 
Astronomers confirmed this brilliant deduction over the next several 
years as they watched the ring’s appearance change just as Huygens 
had predicted. 

Earth-based views of the Saturnian ring system change as Sat¬ 
urn slowly orbits the Sun. Huygens was the first to understand that 


this change occurs because the rings lie in the plane of Saturn’s 
equator, and this plane is tilted 27° from the plane of Saturn’s orbit. 
As Saturn orbits the Sun, its rotation axis and the plane of its equa¬ 
tor maintain the same orientation in space. Hence, over the course 
of a Saturnian year, an Earth-based observer views the rings from 
various angles (Figure 7-20). At certain times Saturn’s north pole is 
tilted toward the Earth and the observer looks “down” on the “top 
side” of the rings. Half a Saturnian year later, Saturn’s south pole 



Figure 7-20 R I V U X G 

The Changing Appearance of Saturn’s Rings Saturn’s rings are aligned with 
its equator, which is tilted 27° from Saturn’s orbital plane. As Saturn moves around its orbit, 
the rings maintain the same orientation in space, so observers on Earth see the rings at 


various angles. The accompanying Earth-based photographs show Saturn at various points 
in its orbit. Note that the rings seem to disappear entirely when viewed edge-on, which 
occurs about every 15 years. (Lowell Observatory) 
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is tilted toward us and the “underside” of the rings is exposed to 
our Earth-based view. 

When our line of sight to Saturn is in the plane of the rings, the 
rings are viewed edge-on and seem to disappear entirely (see the 
images at the upper left and lower right corners of Figure 7-20). 
This disappearance indicates that the rings are very thin. In fact, 
they are thought to be only a few tens of meters thick. In proportion 
to their diameter, Saturn’s rings are thousands of times thinner than 
the sheets of paper used to print this book. 

As the quality of telescopes improved, astronomers realized 
that Saturn’s “ring” is actually a system of rings, as Figure 7-21 
shows. In 1675, the Italian astronomer Cassini discovered a dark 
division in the ring. The Cassini division is an apparent gap about 
4500 kilometers wide that separates the outer A ring from the 
brighter B ring closer to the planet. In the mid-1800s, astronomers 
managed to identify the faint C ring, or crepe ring, that lies just 
inside the B ring. 

(ConceptCheck 7-9 ) What causes Saturn’s brilliant rings to be 
sometimes nearly invisible and at other times easily observable with 
the smallest of telescopes? 

Answer appears at the end of the chapter. 


Nature of Rings 


Saturn’s rings are made of an indefinite number of uncon- 
“ ^ nected particles or “moonlets,” or ring particles, each in¬ 
dividually circling Saturn. Saturn’s rings are quite bright: 
they reflect 80% of the sunlight that falls on them. (By comparison, 
Saturn itself reflects 46% of incoming sunlight.) Astronomers have 
long suspected that the ring particles are made of ice and ice-coated 
rock. The Voyager and Cassini spacecraft have made even more 



Figure 7-21 R I V U X G 

Details of Saturn’s Rings The colors in this Voyager 1 image have been enhanced to 
emphasize small differences between different portions of the rings. The broad Cassini 
division is clearly visible, as is the narrow Encke gap in the outer A ring. The very thin F ring 
lies just beyond the outer edge of the A ring. (NA5A/JPL) 


detailed infrared measurements, which indicate that the temperature 
of the rings ranges from — 180°C (—290°F) in the sunshine to less 
than —200°C ( — 330°F) in Saturn’s shadow. Water ice is in no danger 
of melting or evaporating at these temperatures. 

To determine the sizes of the particles that make up Saturn’s 
rings, astronomers analyzed the radio signals received from a 
spacecraft as it passed behind the rings. How easily radio waves 
can travel through the rings depends on the relationship between 
the wavelength and the particle size. The results show that most 
of the particles range in size from pebble-sized fragments about 
1 cm in diameter to chunks about 5 m across, the size of large 
boulders. Most abundant are snowball-sized particles about 10 
cm in diameter. 

All of Saturn’s material may be ancient debris that failed to 
accrete (fall together) into moons or, more catastrophically, objects 
that were pulled apart when they came too close to Saturn. The 
total amount of material in the rings is quite small. If Saturn’s entire 
ring system were compressed together to make a satellite, it would 
be no more than 100 km (60 mi) in diameter. But, in fact, the ring 
particles are so close to the gravitational churning of Saturn that 
they will never be able to form moons. 

To see why, imagine a collection of small particles orbiting a 
planet. Gravitational attraction between neighboring particles tends 
to pull the particles together. However, because the various particles 
are at differing distances from the parent planet, they also experi¬ 
ence different amounts of gravitational pull from the planet. This 
difference in gravitational pull is a tidal force that tends to keep the 
particles separated. 

The closer a pair of particles is to the planet, the greater the 
tidal force that tries to pull the pair apart. At a certain distance 
from the planet’s center, called the Roche limit, the disruptive 
tidal force is just as strong as the gravitational force between the 
particles. (The concept of this limit was developed in the mid- 
1800s by the French mathematician Edouard Roche.) Inside the 
Roche limit, the tidal force overwhelms the gravitational pull 
between neighboring particles, and these particles cannot accrete 
to form a larger body. Instead, they tend to spread out into a ring 
around the planet. Indeed, most of Saturn’s system of rings visible 
in Figure 7-21 lies within the planet’s Roche limit. All large plan¬ 
etary satellites are found outside their planet’s Roche limit. If any 
large satellite were to come inside its planet’s Roche limit, the 
planet’s tidal forces would cause the satellite to break up into 
fragments. 

CAUTION It may seem that it would be impossible for any object to 
hold together inside a planet’s Roche limit. But the ring particles 
inside Saturn’s Roche limit survive and do not break apart. The 
reason is that the Roche limit applies only to objects held together 
by the gravitational attraction of each part of the object for the 
other parts. By contrast, the forces that hold a rock or a ball of ice 
together are chemical bonds between the object’s atoms and mol¬ 
ecules. These chemical forces are much stronger than the disruptive 
tidal force of a nearby planet, so the rock or ball of ice does not 
break apart. In the same way, people walking around on the Earth’s 
surface (which is inside the Earth’s Roche limit) are in no danger of 
coming apart, because we are held together by comparatively strong 
chemical forces rather than gravity. 
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Fioneer 11, Voyager 1, and Voyager 2 recorded images of 
Saturn’s rings during their flybys in 1979, 1980, and 1981, re¬ 
spectively. Fioneer 11 had only a relatively limited capability to 
make images, but cameras on board the two Voyager spacecraft 
sent back a number of pictures showing the detailed structure of 
Saturn’s rings. Since entering Saturn orbit in 2004, the Cassini 
spacecraft has provided scientists with even higher-resolution 
images of the rings. 

Figure 7-22 shows a Voyager 1 image. To the amazement of 
scientists, images like the one in Figure 7-22 revealed that the broad 
A, B, and C rings are not uniform at all but instead consist of hun¬ 
dreds upon hundreds of closely spaced bands or ringlets. 

Spacecraft have done more than show Saturn’s rings in 
greater detail; they have also viewed the rings from perspectives 
not possible from Earth. Through Earth-based telescopes, we can 
see only the sunlit side of the rings. From this perspective, the B 
ring appears very bright, the A ring moderately bright, the C ring 
dim, and the Cassini division dark (see Figure 7-21). The fraction 
of sunlight reflected back toward the Sun is directly related to the 
concentration and size of the particles in the ring. The B ring is 
bright because it has a high concentration of relatively large, icy, 
reflective particles, whereas the darker Cassini division has a 
lower concentration of such particles. 

The Voyagers and Cassini have expanded our knowledge of the 
ring particles by imaging the shaded side of the rings, which cannot 
be seen from Earth. Figure 7-22 shows such an image. Because the 
spacecraft was looking back toward the Sun, this picture shows 
sunlight that has passed through the rings. The B ring looks darkest 
in this image because little sunlight gets through its dense collection 
of particles. If the Cassini division were completely empty, it would 
look black, because we would then see through it to the blackness 
of empty space. But the Cassini division looks bright in Figure 7-22. 
This shows that the Cassini division is not empty but contains a 
relatively small number of particles. (In the same way, dust particles 
in the air in your room become visible when a shaft of sunlight 
passes through them.) 

The color variations in Figure 7-23 suggest that the icy particles 
do not migrate substantially from one ringlet to another. Had such 
migration taken place, the color differences would have been 
smeared out over time. The color differences may also indicate that 
different sorts of material were added to the rings at different times. 
In this scenario, the rings did not all form at the same time as Saturn 



Figure 7-22 R I V U X G 

The View from the Far Side of Saturn’s Rings This false-color view of the side of the 
rings away from the Sun was taken by Voyager 1. The Cassini division appears white, not 
black like the empty gap between the A and F rings. Hence, the Cassini division cannot be 
empty, but must contain a number of relatively small particles that scatter sunlight like 
dust motes. (NASA/JPL) 


but were added to over an extended period. New ring material could 
have come from small satellites that shattered after being hit by a 
stray asteroid or comet. 

In addition to revealing new details about the A, B, C, and F 
rings, the Voyager cameras also discovered three new ring sys¬ 
tems: the D, E, and G rings. The drawing in Figure 7-24 shows 
the layout of all of Saturn’s known rings along with the orbits of 
some of Saturn’s satellites. The D ring is Saturn’s innermost ring 
system. It consists of a series of extremely faint ringlets located 
between the inner edge of the C ring and the Saturnian cloud tops. 
The E ring and the G ring both lie far from the planet, well beyond 
the narrow F ring. Both of these outer ring systems are extremely 
faint, fuzzy, and tenuous. Each lacks the ringlet structure so prom¬ 
inent in the main ring systems. The E ring encloses the orbit of 
Enceladus, one of Saturn’s icy satellites. Some scientists suspect 



Figure 7-23 R I V U X G 

Color Variations in Saturn’s Rings This mosaic of Cassini images shows the rings in 
natural color. The color variations are indicative of slight differences in chemical 


composition among particles in different parts of the rings. (NASA/JPL/Space Science 
Institute) 
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Figure 7-24 

The Arrangement of Saturn’s Rings This scale drawing shows the location 
of Saturn’s rings along with the orbits of the 11 inner satellites. Only the A, B, and C rings 


can readily be seen from the Earth. The remaining rings are very faint, and their existence 
was only confirmed by spacecraft flybys. 


that water geysers on Enceladus are the source of ice particles in 
the E ring, much as Io’s volcanoes supply material to Jupiter’s 
magnetosphere. 

( ConceptCheck 7-10 ) If an asteroid entered a low-Earth orbit 
inside Earth’s Roche limit, what would become of it? 

Answer appears at the end of the chapter. 

Dim Ring Systems Around Jupiter, 

Neptune, and Uranus 

When the Voyager 1 spacecraft flew past Jupiter in 1979, it 
trained its cameras not just on the planet but also on the space 
around the planet’s equator. It discovered that Jupiter, too, has a 
system of rings that lies within its Roche limit (Figure 7-25). These 
rings differ from Saturn’s in two important ways. First, Jupiter’s 
rings are composed of tiny particles of rock with an average size 
of only about 1 pm (= 0.001 mm = 10“ 6 m) and that reflect less 
than 5% of the sunlight that falls on them. Second, there is very 
little material in the rings of Jupiter, less than 1/100,000 (10“ 5 ) 
the amount of material in Saturn’s rings. As a result, Jupiter’s 
rings are extremely faint, which explains why their presence was 
first revealed by a spacecraft rather than an Earth-based telescope. 
The ring particles are thought to originate from meteorite impacts 
on Jupiter’s four small, inner satellites, two of which are visible 
in Figure 7-25. 

On March 10, 1977, Uranus was scheduled to move in front of 
a faint star, as seen from the Indian Ocean. A team of astronomers 


headed by James L. Elliot of Cornell University observed this event 
from a NASA airplane equipped with a telescope. They hoped that by 
measuring how long the star was hidden, they could accurately mea¬ 
sure Uranus’s size. In addition, by carefully measuring how the star¬ 
light faded when Uranus passed in front of the star, they planned to 
deduce important properties of Uranus’s upper atmosphere. 

To everyone’s surprise, the background star briefly blinked on 
and off several times just before the star passed behind Uranus and 
again immediately after (Figure 7-26). The astronomers concluded 
that Uranus must be surrounded by a series of nine narrow rings. In 
addition to these nine rings, Voyager 2 discovered two others that lie 
even closer to the cloud tops of Uranus. Two other extremely faint 



Figure 7-25 R I V U X G 

Jupiter’s Main Ring This Galileo image shows Jupiter’s main ring almost edge- 
on. The ring’s outer radius, about 129,000 km from the center of Jupiter, is close to the 
orbit of Adrastea, the second closest (after Metis) of Jupiter’s moons. Not shown is an even 
larger and more tenuous pair of “gossamer rings,” one of which extends out to 181,000 km 
and the other out to 222,000 km. (NASA/JPL; Cornell University) 
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Path of starlight to Earth 
when occultation begins 
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As seen from Earth, the star 
appears to move along this path 
behind Uranus and its rings. 



Path of starlight to Earth 
when occultation ends 


I 


Intensity of 
starlight 


Unobstructed 
star 

Outer rin£ 

L_ 

Middle rings 
Inner rings 


Uranus 



Inner rings 

(L_ 

Middle rings 
Outer ring 


As seen from 
Earth, starlight 
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when the rings 
pass in front 
of the star... 


...the star’s light 
is completely 
blocked when 
it is behind 
Uranus... 


...and the star’s 
light again dims 
temporarily when 
the rings on the 
other side of 
Uranus pass in 
front of the star. 


; Figure 7-26 

How the Rings of Uranus Were Discovered As seen from Earth, Uranus 
occasionally appears to move in front of a distant star. Such an event is called an occultation. 


The stars light is completely blocked when it is behind the planet. But before and after the 
occultation by Uranus, the starlight dims temporarily as the rings pass in front of the star. 


rings, much larger in diameter than any of the others, were found in 
2005 using the Hubble Space Telescope (Figure 7-27). 

Unlike Saturn’s rings, the rings of Uranus are dark and narrow: 
Most are less than 10 km wide. Typical particles in Saturn’s rings 
are chunks of reflective ice the size of snowballs (a few centimeters 


across), but typical particles in Uranus’s rings are 0.1 to 10 meters 
in size and are no more reflective than lumps of coal. It is not sur¬ 
prising that these narrow, dark rings escaped detection for so long. 
Figure 7-28 is a Voyager 2 image of the rings from the side of the 
planet away from the Sun, where light scattering from exceptionally 
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Figure 7-27 R I V U X G 
Uranus’s Rings from the Hubble Space 
Telescope Several Hubble Space Telescope 
images were assembled into this view of 
Uranus’s rings. Relatively short exposure 
times reveal the planet and the inner rings, 
while much longer exposure times were 
needed to reveal the outer rings. During 
these long exposures several of Uranus’s 
satellites moved noticeably, leaving bright 
trails on the image. (NASA; ESA; and M. 
Showalter, SETI Institute) 
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Figure 7-28 R I V U X G 

The Shaded Side of Uranus's Rings This view from Voyager 2, taken when 
the spacecraft was in Uranus’s shadow, looks back toward the Sun. Numerous fine¬ 
grained dust particles gleam in the spaces between the main rings. This dust is 
probably debris from collisions between larger particles in the main rings. The short 
horizontal streaks are star images blurred by the spacecraft’s motion during the 
exposure. (NA5A/JPL) 



small ring particles makes them more visible. Figure 7-27 shows the 
Sun-facing side of the rings. 

The Uranian rings are so dark because sunlight at Uranus is 
only one-quarter as intense as at Saturn. As a result, Uranus’s ring 
particles are so cold that they can retain methane ice. Scientists 
speculate that eons of impacts by electrons trapped in the mag¬ 
netospheres of the planets have converted this methane ice into 
dark carbon compounds, accounting for the low reflectivity of 
the rings. 

Uranus’s major rings are located less than 2 Uranian radii 
from the planet’s center, well within the planet’s Roche limit. Some 
sort of mechanism, possibly one involving gravitational attraction 
from nearby moons, efficiently confines particles to their narrow 
orbits. Voyager 2 searched for such orbiting satellites but found 
only two. The others may be so small and dark that they have 
simply escaped detection. 

The two faint rings discovered in 2005 (see Figure 7-27) are 
different: They lie well outside Uranus’s Roche limit. The outer of 
these two rings owes its existence to a miniature satellite called Mab 
(named for a diminutive fairy in English folklore) that orbits within 
this ring. Meteorites colliding with Mab knock dust off the satellite’s 
surface. Since Mab is so small (just 36 km in diameter) and hence 
has little gravity, the ejected dust escapes from the satellite and goes 
into orbit around Uranus, forming a ring. The inner of the two faint 
rings may have been formed in the same way; however, no small 
satellite has yet been found within this ring. 

Like Uranus, Neptune is surrounded by a system of thin, dark 
rings that was first detected when the rings passed directly in front 
of a distant star. Figure 7-29 is a Voyager 2 image of Neptune’s rings. 
The ring particles vary in size from a few micrometers (1 pm = 10“ 6 
m) to about 10 meters. As for Uranus’s rings, the particles that make 
up Neptune’s rings reflect very little light. 

In 2002 and 2003, a team led by Imke de Pater of the University 
of California, Berkeley, used the 10-meter Keck telescope in Hawaii 
to observe in detail the rings of Neptune. Remarkably, the team 
found that all of the rings had become fainter since the Voyager 2 
flyby in 1989. Apparently the rings are losing particles faster then 
new ones are being added. If the rings continue to decay at the same 
rate, one of them may vanish completely within a century. More 
research into the nature of Neptune’s rings is needed to explain this 
curious and rapid decay. 

( ConceptCheck 7-11 ) Why are Saturn’s rings easier to observe 
than those of the other planets? 

Answer appears at the end of the chapter. 


Key Ideas and Terms 1 


Figure 7-29 R I V U X G 

Neptune’s Rings The two main rings of Neptune and a faint, inner ring can 
easily be seen in this composite of two Voyager 2 images. There is also a faint sheet 
of particles whose outer edge is located between the two main rings and extends 
inward toward the planet. The overexposed image of Neptune itself has been 
blocked out. (NASA) 


7-1 Dynamic atmospheres of Jupiter and Saturn change rapidly 

• Jupiter and Saturn are both much larger than Earth. Each is composed 
of 71% hydrogen, 24% helium, and 5% all other elements by mass. 

• Jupiter probably has a rocky core several times more massive than the 
Earth. The core is surrounded by a layer of liquid “ices” (water, 
ammonia, methane, and associated compounds). On top of this is a 











VISUAL LITERACY TASK 


Atmospheric Structure of a Gas Giant 



Temperature (°K) 


PROMPT: What would you tell a fellow student who said, “A space 
probe being crashed into Jupiter would encounter continually 
hotter and hotter temperatures, the atmosphere reaching the 
boiling point of water at 100 km below the cloud tops/’ 


ENTER REPONSE: 


Guiding Questions 

1. At 100 km above Jupiter’s cloud tops, the temperature is about 

a. -100°C. 

b. the freezing point of water on Earth. 

c. the boiling point of water on Earth. 

d. the same as at 100 km below the cloud tops. 

2. Just above the cloud tops, the temperature is 

a. increasing with decreasing height. 

b. decreasing with decreasing height. 

c. stable. 

d. about 0°C. 

3. Beneath the cloud tops, the temperature 

a. decreases with depth. 

b. increases with depth. 

c. is stable. 

d. is about the boiling point of water. 

4. Compared to Saturn, the temperature inside Jupiter 

a. increases more greatly with depth. 

b. increases with depth, but not as dramatically. 

c. has the same profile. 

d. is much less. 


layer of helium and liquid metallic hydrogen and an outermost layer 
composed primarily of ordinary hydrogen and helium. 

• Saturn’s internal structure is similar to that of Jupiter, but its core 
makes up a larger fraction of its volume and its liquid metallic 
hydrogen mantle is shallower than that of Jupiter. 

• The visible “surfaces” of Jupiter and Saturn are actually the tops of 
their clouds. The rapid rotation of the planets twists the clouds into 
dark belts and light zones that run parallel to the equator. The colored 
ovals visible in the Jovian atmosphere represent gigantic storms. Some, 
such as the Great Red Spot, are quite stable and persist for many 
years. Storms in Saturn’s atmosphere seem to be shorter-lived. 

• The outer layers of both Jupiter and Saturn’s atmospheres show 
differential rotation as the equatorial regions rotate slightly faster than 
the polar regions. 


7-2 Uranus and Neptune have seemingly quiet atmospheres 

• Both Uranus and Neptune have atmospheres composed primarily of 
hydrogen, helium, and a few percent methane. 

• Methane absorbs red light, giving Uranus and Neptune their greenish- 
blue color. 

• Much more cloud activity is seen on Neptune than on Uranus. This is 
because Uranus lacks a substantial internal heat source. 

7-3 Saturn’s moon Titan and Neptune’s moon Triton exhibit unexpected 

atmospheres 

• Titan, the largest natural satellite of Saturn, is covered with a thick, 
hazy carbon dioxide atmosphere that may have sufficient energy for 
methane-based weather and lakes to occur near the surface. 
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• Triton has a tenuous nitrogen atmosphere and a young, icy surface 
indicative of tectonic activity. 

7-4 All Jovian planet atmospheres are encircled by complex ring systems 

• Saturn is circled by a system of thin, broad rings lying in the plane of 
the planet’s equator. This system is tilted away from the plane of 
Saturn’s orbit, which causes the rings to be seen at various angles by 
an Earth-based observer over the course of a Saturnian year. 

• From Earth, Saturn is observed to have three major, broad rings 
composed of unconnected ring particles, ice and ice-coated rock 
ranging in size from a few micrometers to about 10 m that are kept 
separate by a tidal force. The A ring and the B ring are separated by 
the Cassini division. 

• Most of the rings exist inside the Roche limit of Saturn, where 
disruptive tidal forces are stronger than the gravitational forces 
attracting the ring particles to each other. 

• Jupiter’s faint rings are composed of a relatively small amount of 
small, dark, rocky particles that reflect very little light. 

• Uranus and Neptune are both surrounded by systems of thin, dark 
rings. The low reflectivity of the ring particles may be due to radiation- 
darkened methane ice. 


Questions 

Review Questions 



1. In what ways are the motions of Jupiter’s atmosphere 
like the motion of water stirred in a pot (see Figure 
7-3 b)} In what ways are they different? 


2. How do the swirling atmospheres of Jupiter and Saturn compare? 

3. What would happen if you tried to land a spacecraft on the 
surface of Jupiter? 

4. What are the belts and zones in the atmospheres of Jupiter and 
Saturn? Is the Great Red Spot more like a belt or a zone? Explain 
your answer. 


5. Describe the internal structures of Jupiter and Saturn, and compare 
them with the internal structure of the Earth. 

6. Briefly describe the evidence supporting the idea that Uranus was 
struck by a large planetlike object several billion years ago. 




7. Describe the seasons on Uranus. In what ways are the 
Uranian seasons different from those on Earth? 

8. Why are Uranus and Neptune distinctly blue-green in 
color, while Jupiter or Saturn are not? 



9. How many rings encircle Saturn? Draw a sketch. 

10. If Saturn’s rings are not solid, why do they look solid 
when viewed through a telescope? 


11. Compare the rings that surround Jupiter, Saturn, Uranus, and 
Neptune. Briefly discuss their similarities and differences. 


Web Chat Questions 

1. The classic science-fiction films 2001: A Space Odyssey and 2010: 
The Year We Make Contact both involve manned spacecraft in orbit 


around Jupiter. What kinds of observations could humans make on 
such a mission that cannot be made by robotic spacecraft? What 
would be the risks associated with such a mission? Do you think that 
a manned Jupiter mission would be as worthwhile as a manned 
mission to Mars? Explain your answers. 

2. Suppose that Saturn were somehow moved to an orbit around the 
Sun with semimajor axis 1 AU, the same as the Earth’s. Discuss what 
long-term effects this would have on the planet and its rings. 

3. Sir William Herschel, a British astronomer, discovered Uranus in 
1781 and named it Georgium Sidus (Latin for “Georgian Star”), 
after the reigning monarch, George III. What name might Uranus 
have been given in 1781 if an astronomer in your country had 
discovered it? Why? What if it had been discovered in your country 
in 1881? In 1991? 

Collaborative Exercises 

1. Using a ruler with millimeter markings on five various images of 
Jupiter in the text (Figures 7-1 a, 7-2 a, and 7-5a,b,c), determine the 
ratio of the longest width of the Great Red Spot to the full diameter 
of Jupiter. Each group member should measure a different image and 
all values should be averaged. 

2. The text provides different years that spacecraft have flown by 
Jupiter and Saturn. List these dates and create a time line by listing 
one important event that was occurring on Earth during each of 
those years. 

3. If the largest circle you can draw on a piece of paper represents the 
largest diameter of Saturn’s rings, about how large would Saturn be if 
scaled appropriately? Which item in a group member’s backpack is 
closest to this size? 

Observing Projects 

1. Use the Starry Night College ™ program to examine the Jovian planets 
Jupiter, Saturn, Uranus, and Neptune. Select each of these planets from 
the Investigating Astronomy folder in the Favourites pane. Use the 
location scroller cursor to examine the planet from different views. 

a) Describe each planet’s appearance. Which has the greatest color 
contrast in its cloud tops? 

b) Which planet has the least color contrast in its cloud tops? 

c) What can you say about the thickness of Saturn’s rings 
compared to their diameter? 

2. Use the Starry Night College™ program to observe the appearance of 
Jupiter. Select Favourites > Investigating Astronomy > Jupiter. Use the 
Time Flow controls to determine the rotation period of the planet. 
(Hint: You may want to track the motion of an easily recognizable 
feature, such as the Great Red Spot.) 

a) What is the approximate rotation period of Jupiter? 

b) Compare Jupiter’s equatorial diameter to its polar diameter. Are 
they the same? If not, which is larger? Offer an explanation for 
this observation. 

3. Use the Starry Night College™ program to observe the appearance of 
Saturn as seen from the Earth. Select Favourites > Investigating 
Astronomy > Saturn from Earth. Click the Play button. 

a) Describe and explain the changing appearance of Saturn as seen 
from Earth. 

b) Use the time controls to determine approximately how long it 
takes for Saturn’s rings, as seen from Earth, to go through a 
complete cycle from edge-on to fully open to edge-on to fully 
open and then finally to edge-on again. How does this compare 
to Saturn’s year? 
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c) When will Saturn next appear with its rings edge-on as seen 
from Earth? 

4. Use the Starry Night College™ program to examine Jupiter and 
Saturn. Select Favourites > Investigating Astronomy > Jupiter. Zoom 
in and zoom out on the view and also use the location scroller to 
rotate the image of Jupiter. 

a) How many white ovals and brown ovals can you count in 
Jupiter’s southern hemisphere (the hemisphere in which the 
Great Red Spot is located) ? How many white ovals and brown 
ovals can you count in the northern hemisphere? What general 
rule can you state about the abundance of these storms in the 
two hemispheres? 

b) Select Favourites > Investigating Astronomy > Saturn from the 
menu. You can zoom in and zoom out on the view and you 
can also rotate Saturn with the location scroller. Rotate Saturn 
so that you are looking straight down on the plane of the 
rings. Draw a copy of what you see and label the different 
rings and divisions. 

Answers 

ConceptChecks 

ConceptCheck 7-1: No. All solid objects must have non-differential rotation 
or else they would break apart. 

ConceptCheck 7-2: If the planets formed with the same chemical composi¬ 
tion, then helium in Saturn’s colder atmosphere must have condensed and 
moved deeper inside, resulting in Saturn appearing to be mostly hydrogen. 

ConceptCheck 7-3: White ovals are long-lasting, low-temperature, high- 
altitude features that obscure views of what lies underneath, whereas brown 
ovals are openings in Jupiter’s cloud cover that emit infrared energy to be 
observed from lower altitudes. 


ConceptCheck 7-4: Jupiter has significantly more mass, and as a result the 
cloud layers are gravitationally compressed much more on Jupiter than on 
less massive Saturn. 

ConceptCheck 7-5: Methane in Uranus’s atmosphere absorbs the Sun’s 
longer wavelengths of light, so if it were absent, Uranus would have more 
reds and, as a result, appear more yellow-white, like Saturn. 

ConceptCheck 7-6: We usually think of “weather” being driven in the at¬ 
mosphere by the Sun’s energy; because Neptune is so far from the Sun, the 
surprising activity in Neptune’s atmosphere must be driven by unexpected 
energy coming from within Neptune. 

ConceptCheck 7-7: Titan is shrouded by a thick atmosphere that doesn’t 
transmit visible light. 

ConceptCheck 7-8: Geyserlike plumes visible in Voyager 2 images all point 
in the same direction, suggesting that the ejected material is being carried 
downwind within a thin atmosphere. 

ConceptCheck 7-9: As Saturn travels around the Sun, the tilted and quite 
thin rings are sometimes seen “face-on” and are easily observed, whereas 
other times Earth’s position makes them “edge-on” and nearly invisible. 

ConceptCheck 7-10: An asteroid orbiting Earth within Earth’s Roche limit 
for enough time would be ripped apart by Earth’s gravitational attraction 
differing on the near side and the far side of the asteroid, resulting in a tiny 
ring around Earth. 

ConceptCheck 7-11: Saturn’s ring particles are more reflective, being com¬ 
posed of mostly ice, and many times larger, than the less reflective and 
smaller ring particles of the other planets. 
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R I V U X G An "alien" life-form on Earth: pink, eyeless worms in an underwater mound 


of yellow solid methane. (Dr. Charles Fisher, Eberly College of Science, Pennsylvania State University) 



O ne of the most compelling questions in science is also one of the 
simplest: Are we alone? That is, does life exist beyond the Earth? As 
yet, we have no definitive answer to this question. None of our 
spacecraft has found life elsewhere in the solar system, and radio telescopes 
have yet to detect signals of intelligent origin coming from space. Reports of 
aliens visiting our planet and abducting humans make for compelling science 
fiction, but none of these reports has ever been verified. 

Yet there are reasons to suspect that life might indeed exist beyond the 
Earth. One is that biologists find living organisms in some of the most “un¬ 
earthly” environments on our planet. An example (shown above) is at the 
bottom of the Gulf of Mexico, where the crushing pressure and low 


temperature make methane—normally a gas—form into solid, yellowish 
mounds. Amazingly, these mounds teem with colonies of pink, eyeless, alien¬ 
looking worms the size of your thumb. If life can flourish here, might it not 
also flourish in the equally hostile conditions found on other worlds? 

In this chapter, we consider first the basic elements necessary to support 
life. We will look for places in our solar system where life may once have 
originated, and where it may exist today. We will see how scientists estimate 
the chances of finding life beyond our solar system, and how they search for 
signals from other intelligent species. Then, we will learn how a new genera¬ 
tion of telescopes may make it possible to detect the presence of even single- 
celled organisms on worlds many light-years away. 


Key Ideas 


BY READING THE SECTIONS OF THIS CHAPTER, YOU WILL LEARN 


(m Planets and the chemical building blocks of life are found 
throughout space 

m Europa and Mars are promising places for life to have 
evolved 

f UEl Meteorites from Mars have been scrutinized for life-forms 


(M The Drake equation helps scientists estimate how many 
civilizations may inhabit our Galaxy 

(m Searches with space-based infrared telescopes and Earth- 
based radio telescopes for Earthlike planets and alien 
civilizations are under way 
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(BO Planets and the chemical building 
blocks of life are found throughout space 

Imagine you were an alien from a distant star system sent to explore 
Earth. If you landed your spacecraft at any random spot on Earth, 
would you likely see a human being? Remembering that three- 
quarters of Earth is covered with water, you are much more likely 
to find fish than humans. But one thing is certain—you would defi¬ 
nitely find that bacteria and plankton are the most common forms 
of life on Earth! 

Suppose instead you were assigned the task of being the first 
person to look for life on another planet. How might you recognize 
which of the strange objects around you were living and which 
were inanimate? Questions such as these are central to astrobiol- 
ogy, the study of life in the universe. Most astrobiologists suspect 
that if we find living organisms on other worlds, they will be “life 
as we know it”—that is, their biochemistry will be based on the 
unique properties of the carbon atom, as is the case for all terres¬ 
trial life. 

Organic Molecules in the Universe 
May Be the Basis for Life 

Of all the atoms we know about, carbon seems to be the best can¬ 
didate to build life forms around. The reason is that carbon has the 
most versatile chemistry of any element. Carbon atoms can form 
chemical bonds to create especially long and complex molecules 
(Figure 8-1). These carbon-based molecules are the foundation upon 
which all living organisms are made. 

These carbon-based molecules can be linked together to form 
elaborate structures, such as chains, lattices, and fibers. Some 
of these structures are even capable of complex, self-regulating 
chemical reactions. Furthermore, the primary constituents of the 


Z-X-X-X-X-Y 

(a) Linear molecule 


o OH H OH OH 
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H OH H H 

(b) Glucose 

Figure 8-1 

Complex Molecules and Carbon (a) Atoms that can bond to only two other atoms, 
like the atoms denoted X shown here, can form a chain of atoms called a linear 
molecule. The chain stops where we introduce an atom, such as those labeled Y and Z, 
that can bond to only one other atom, (b) A carbon atom (denoted C) can bond with up 
to four other atoms. Hence, carbon atoms can form more complex, nonlinear molecules 
like glucose. All organic molecules that are found in living organisms have backbones of 
carbon atoms. 


molecules of life—carbon, hydrogen, nitrogen, oxygen, sulfur, and 
phosphorus—are among the most abundant elements in the uni¬ 
verse. The versatility and abundance of carbon suggest that extra¬ 
terrestrial life is also likely to be based on organic chemistry. 

Fortunately, these carbon molecules exist widely throughout 
interstellar space and can be incorporated into planets during for¬ 
mation. One such molecule is carbon monoxide (CO), which is 
made when a carbon atom and an oxygen atom collide and bond 
together. Carbon monoxide is found in abundance within giant 
interstellar clouds that lie along the spiral arms of our Milky Way 
Galaxy (Figure 8-2) as well as other galaxies. Carbon atoms can 
also combine with other elements in ways that can be observed in 
the microwave emission lines of carbon-based chemicals in interstel¬ 
lar clouds. 

If life is based on organic molecules, then these molecules 
must initially be present on a planet’s surface in order for life to 
arise from nonliving matter. Evidence for this comes from mete¬ 
orites like the one shown in Figure 8-3 a. These are ancient mete¬ 
orites that date from the formation of the solar system and that 
are often found to contain a variety of carbon-based molecules 
(Figure 8-3 b). The spectra of comets—which are also among the 
oldest objects in the solar system—show that they, too, contain 
an assortment of organic compounds. Comets and meteoroids 
were much more numerous in the early solar system than they are 



Figure 8-2 RIVUXG 

The Orion Nebula—Birthplace of Stars This beautiful nebula is a stellar 'nursery” where 
stars are formed out of the nebula’s gas. Intense ultraviolet light from newborn stars excites 
the surrounding gas and causes it to glow. Many of the stars embedded in this nebula are 
less than a million years old, a brief interval in the lifetime of a typical star. The Orion 
Nebula is some 1500 light-years from Earth and is about 30 light-years across. (NASA, 

ESA, A/I. Robberto/STScl/ESA, and the Hubble Space Telescope Orion Treasury 
Project Team) 
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Figure 8-3 RIVUXG 

A Carbonaceous Chondrite (a) Carbonaceous chondrites are primitive meteorites that 
date back to the very beginning of the solar system. This sample is a piece of the Allende 
meteorite, a large carbonaceous chondrite that fell in Mexico in 1969. (b) Chemical analyses 


today, and they were correspondingly more likely to collide with 
a planet, depositing these materials on the planet’s surface in great 
quantities. 

(Concep t Check 8-1 ) Why would life-forms throughout the 
cosmos likely be based on carbon? 

(ConceptCheck 8-2 ) How could carbon molecules end up on the 
surfaces of planets? 

Answers appear at the end of the chapter. 

The Miller-Urey Experiment Demonstrated 
Possible Conditions for Life to Exist 

Comets and meteorites would not have been the only sources 
of carbon material on the young planets of our solar system. In 
1952, the American chemists Stanley Miller and Harold Urey 
demonstrated that under conditions that are thought to have pre¬ 
vailed on the primitive Earth, simple chemicals can combine to 
form the chemical building blocks of life. In a closed container, 
they prepared a sample of “atmosphere”: a mixture of hydrogen 
(H 2 ), ammonia (NH 3 ), methane (CH 4 ), and water vapor (H 2 0), 
the most common molecules in the solar system. Miller and Urey 
then exposed this mixture of gases to an electric arc (to simulate 
atmospheric lightning) for a week. At the end of this period, the 
inside of the container had become coated with a reddish-brown 
substance rich in amino acids and other compounds essential 
to life. 

Since Miller and Urey’s original experiment, most scientists 
have come to the conclusion that Earth’s primordial atmosphere 
was composed of carbon dioxide (C0 2 ), nitrogen (N 2 ), and water 
vapor outgassed from volcanoes, along with some hydrogen. Mod¬ 
ern versions of the Miller-Urey experiment (Figure 8-4) using these 
common gases have also succeeded in synthesizing a wide variety 
of carbon-rich compounds. 



(bi 


of newly fallen specimens disclose that they are rich in organic molecules (arrow), many of 
which are the chemical building blocks of life, (a: From the collection of Ronald A. Oriti; 
b: Harvard-Smithsonian Center for Astrophysics) 



A | Figure 8-4 

An Updated Miller-Urey Experiment Modern versions of this classic 
experiment prove that numerous organic compounds important to life can be synthesized 
from gases that were present in the Earth’s primordial atmosphere. This experiment supports 
the hypothesis that life on the Earth arose as a result of ordinary chemical reactions. 
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CAUTION It is important to emphasize that scientists have not cre¬ 
ated life in a test tube. While organic molecules may have been 
available on the ancient Earth, biologists have yet to figure out how 
these molecules gathered themselves into cells and developed sys¬ 
tems for self-replication. Nevertheless, because so many chemical 
components of life are so easily synthesized under conditions that 
simulate the primordial Earth, it seems reasonable to suppose 
that life could have originated as the result of chemical processes. 
Furthermore, because the molecules that combine to form these 
compounds are rather common, it seems equally reasonable that 
life could have originated in the same way on other planets. How¬ 
ever, having the right chemical building blocks be commonplace 
throughout the universe does not guarantee that life is equally 
commonplace. 


(Concept Check 8-3 3 What did Miller and Urey create when they 
passed electricity through their sample of “atmosphere” containing a 
mixture of hydrogen (H 2 ), ammonia (NH 3 ), methane (CHJ, and water 
vapor (H 2 0)? 

Answer appears at the end of the chapter. 


Europa and Mars have the potential 
for life to have evolved 

If life evolved on Earth from nonliving organic molecules, might 
the same process have taken place elsewhere in our solar system? 
Scientists have carefully scrutinized the planets and satellites in an 
attempt to answer this question, and most of the answers so far 
have been disappointing. 


Finding Liquid Water Is Essential 

One major problem is that liquid water is essential for 
the survival of life as we know it. The water need not be 
pleasant by human standards—terrestrial organisms 
have been found in water that is boiling hot, fiercely acidic, amaz¬ 
ingly salty, and even ice cold (see the image that opens this chapter)— 
but it must be liquid at least once in a while. In order for water on 
a planet’s surface to remain liquid, the temperature cannot be too 
hot or too cold. Furthermore, there must be a relatively thick atmo¬ 
sphere to provide enough pressure to keep liquid water from evapo¬ 
rating. Of all the worlds of the present-day solar system, only Earth 
seems to have the right conditions for water to remain liquid on its 
surface. 

However, there is now compelling evidence that Europa, one 
of the large satellites of Jupiter, has an ocean of water beneath its 
icy surface. As it orbits Jupiter, Europa is caught in a tug-of-war 
between Jupiter’s gravitational influence and those of the other large 
satellites. This flexes the interior of Europa, and this flexing gener¬ 
ates enough heat to keep subsurface water from freezing. Chunks 
of ice on the surface can float around on this underground ocean, 
rearranging themselves into a pattern that reveals the liquid water 


beneath. No one knows whether life actually exists in the liquid 
ocean beneath Europa’s thick, icy crust. 

In 2009, the NASA Lunar Crater Observation and Sensing 
Satellite (LCROSS) made the first conclusive observation of water 
on the Moon. The LCROSS spacecraft 
was designed to separate into two pieces, 
and each crashed into the surface. The re¬ 
sulting dust plume created by the inten¬ 
tional crashing of spacecraft into the 
Moon at high speed was carefully ana¬ 
lyzed, revealing the presence of water. This new evidence reinvigo¬ 
rates astronomers’ systematic search for water hiding in locations 
around the solar system previously thought to be dry. 


Section 6-6 covers 
evidence for water on 
Europa, Mars, and the 
Moon. 


( ConceptCheck 8-4 ) Why would scientists be quite surprised to 
find life on the Moon? 

Answer appear at the end of the chapter. 


Searching for Life on Mars 

The next best possibility for the existence of life is Mars. The 
present-day Martian atmosphere is so thin that water can exist only 
as ice or as a vapor. However, images made from Martian orbit 
show dried-up streambeds, flash flood channels, and sediment de¬ 
posits. These features offer tantalizing evidence that the Martian 
atmosphere was once thicker and that water once flowed over the 
planet’s surface. Could life have evolved on Mars during its “wet” 
period? If so, could life—even in the form of microorganisms—have 
survived as the Martian atmosphere thinned and the surface water 
either froze or evaporated? 

In 1976, two spacecraft landed in different parts of Mars in 
search of answers to these questions. Viking Lander 1 and Viking 
Lander 2 each carried a scoop at the end of a mechanical arm to 
retrieve surface samples to look for biological activity (Figure 8-5). 
These samples were deposited into a compact on-board biologi¬ 
cal laboratory that carried out three different tests looking not 
simply for chemical evidence of water, but for evidence of Martian 
microorganisms. 

1. The gas-exchange experiment was designed to detect any pro¬ 
cesses that might be broadly considered as respiration. A sur¬ 
face sample was placed in a sealed container along with a 
controlled amount of gas and nutrients. The gases in the con¬ 
tainer were then monitored to see if their chemical composition 
changed. 

2. The labeled-release experiment was designed to detect meta¬ 
bolic processes. A sample was moistened with nutrients con¬ 
taining radioactive carbon atoms. If any organisms in the 
sample consumed the nutrients, their waste products should 
include gases containing the telltale radioactive carbon. 

3. The pyrolytic-release experiment was designed to detect pho¬ 
tosynthesis, the biological process by which terrestrial plants 
use solar energy to help synthesize organic compounds from 
carbon dioxide. In the Viking experiments, a surface sample 
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Figure 8-5 RIVUXG 

Digging in the Martian Surface This view from the Viking Lander 1 spacecraft shows 
the mechanical arm with its small scoop against the backdrop of the Martian terrain. The 
scoop was able to dig about 30 cm (12 in.) beneath the surface. (NASA) 


was placed in a container along with radioactive carbon diox¬ 
ide and exposed to artificial sunlight. If plantlike photosynthe¬ 
sis occurred, microorganisms in the sample would take in some 
of the radioactive carbon from the gas. 

The first data returned from these experiments caused great 
excitement, for in almost every case, rapid and extensive changes 
were detected inside the sealed containers, suggesting that microbial 
life had been found on Mars. More in-depth analysis of the data, 
however, led to the conclusion that these changes were due solely 
to nonbiological chemical processes. It appears that the Martian 
surface is rich in unstable chemicals that react with water to release 
oxygen gas, which could be easily mistaken for biological activity. 
Because the present-day surface of Mars is bone-dry, these chemicals 
had nothing to react with until they were placed inside the moist 
interior of the Viking Lander laboratory. 

At best, the results from the Viking Lander biological experi¬ 
ments were inconclusive. Perhaps life never existed on Mars at all. 
Or perhaps it did originate there but failed to survive the thinning 
of the Martian atmosphere, the unstable chemistry of the planet’s 
surface, and exposure to ultraviolet radiation from the Sun. (Unlike 
Earth, Mars has no ozone layer to block ultraviolet rays.) Another 
possibility is that Martian microorganisms have survived only in 
certain locations that the Viking Landers did not sample, such as 
isolated spots on the surface or deep beneath the ground. And yet 
another option is that there is life on Mars, but the experimental 
apparatus on board the Viking Lander spacecraft was not sophis¬ 
ticated enough to detect it. 

An entirely different set of biological experiments was de¬ 
signed for the British spacecraft Beagle 2, which landed on 
Mars in December 2003. (The spacecraft’s name commemorated 
HMS Beagle, the survey ship from which Charles Darwin made 


many of the observations that led to the theory of evolution.) Un¬ 
like the Viking Lander experiments, the apparatus on board 
Beagle 2 was designed to test for the presence of either living 
or dead microorganisms. To do this, the spacecraft was to bore 
into the interiors of rocks to gather pristine, undisturbed samples, 
then heat these samples in the presence of oxygen gas. All carbon 
compounds decompose and form carbon dioxide (C0 2 ) when 
treated in this way, but biologically important molecules signal 
their presence by decomposing at a lower temperature. As a fur¬ 
ther test for the chemicals of life, Beagle 2 was to check to see 
how many of the C0 2 molecules contain the isotope 12 C (which 
appears preferentially in biological molecules) and how many con¬ 
tain 13 C (which does not). A positive result to these experiments 
would indicate that Martian rocks contain microorganisms that 
either survive to the present day or that died out at some point in 
the past. 

Another Beagle 2 experiment was to search for traces of meth¬ 
ane in the Martian atmosphere. Microorganisms on Earth can gain 
energy by converting carbon dioxide to methane, and presumably 
Martian microorganisms could do the same. Left to itself, methane 
rapidly decomposes in the Martian atmosphere. Hence, if any 
methane is found on Mars, it must necessarily have been freshly 
formed—which would strongly suggest that life exists on Mars 
today. 

Unfortunately, scientists on Earth were unable to establish con¬ 
tact with Beagle 2 after landing, and so no results were returned 
from these experiments. But scientists hope to send a replacement 
lander to Mars using a set of experiments like those on board 
Beagle 2. 

ConceptCheck 8-5 ) What observations were scientists using the 
Viking Landers hoping to make that would allow them to infer that 
microbes were living in the Martian soil? 

Answer appears at the end of the chapter. 

New Evidence for Martian Water 

Although the promise of Beagle 2 will have to be fulfilled by a 
future mission, scientists searching for evidence of Martian life 
have been encouraged by other spacecraft that have provided new 
evidence of water on Mars. The European Space Agency’s Mars 
Express spacecraft, which went into orbit around Mars in Decem¬ 
ber 2003, used its infrared cameras to examine the ice cap at the 
Martian south pole (Figure 8-6). These cameras allowed scientists 
to see through the ice cap’s surface layer of frozen carbon dioxide 
and reveal an underlying layer with the characteristic spectrum of 
water ice. In January 2004, NASA successfully landed two robotic 
rovers named Spirit and Opportunity at two very different sites 
on opposite sides of Mars. While the terrain around the Spirit 
landing site appears to have been dry for billions of years, Op¬ 
portunity landed in an area that appears to have been under water 
for extended periods (Figure 8-7 a). Measurements made by Op¬ 
portunity confirm that some of the very dark surface material 
at its landing site contains an iron-rich mineral called gray hematite 
(Figure 8 -7b). On Earth, deposits of gray hematite are commonly 
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(a) Visible-light 
image 





(c) Infrared image of 
water ice 



Figure 8-6 RIVUXG 

Water at the Martian South Pole (a) This visible-light image shows the south polar 
cap of Mars, but does not indicate its chemical composition. By using a camera tuned to 
different wavelengths of infrared light, however, the Mors Express spacecraft was able to 
identify the distinctive reflections of (b) an upper layer of carbon dioxide ice and (c) a 
deeper layer of water ice. Other observations have shown that there is also water ice at 
the Martian north pole. (E5A-OMEGA) 




(b) 

Figure 8-7 RIVUXG 

Evidence of Ancient Martian Water (a) The Mars rover Opportunity photographed 
these sedimentary layers in a region called Meridiani Planum. Some of the layers are 
made of dust deposited by the Martian winds, but others were laid down by minerals 
that precipitated out of standing water, (b) In this false-color image from Opportunity 
of Martian sand dunes, the bluish color shows the presence of millimeter-sized 
spheres of gray hematite. Such spheres naturally form in water-soaked deposits. 

(NAS A/J PL/Cornell) 


found at the bottoms of lakes or mineral hot springs. The presence 
of gray hematite at the Opportunity site reinforces the argument 
that Mars once had liquid water on its surface, and helps hold 
open the possibility that living organisms could have evolved 
on Mars. 

(ConceptCheck 8 -6 ) Why are astrobiologists excited about 
finding gray hematite rocks on Mars’s surface? 

Answer appears at the end of the chapter. 


(yflci Meteorites from Mars have been 
scrutinized for life-forms 

What would be sufficient evidence for you to believe that life existed 
on another planet? Would it have to be a message of greetings and 
salutations from an intelligent being? Is finding fossils of bacteria 
and plankton sufficient? While spacecraft can carry biological 
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experiments to other worlds such as Mars, many astrobiologists 
look forward to the day when a spacecraft will return Martian 
samples to laboratories on Earth. Until that day arrives, we have 
the next best thing: A dozen or so meteorites that appear to have 
formed on Mars have managed to make their way to a variety of 
locations on the Earth. 

These meteorites are called SNC meteorites after the names 
given to the first three examples found (Shergotty, Nakhla, and 
Chassigny). What identifies SNC meteorites as having come from 
Mars is the chemical composition of trace amounts of gas trapped 
within them. This composition is very different from that of the 
Earth’s atmosphere, but is a nearly perfect match to the composition 
of the Martian atmosphere found by the Viking Landers. 

How could a rock have traveled from Mars to Earth? When a 
large piece of space debris collides with a planet’s surface and forms 
an impact crater, most of the material thrown upward by the impact 
falls back onto the planet’s surface. But some extraordinarily power¬ 
ful impacts produce large craters—on Mars, roughly 100 km in 
diameter or larger. These tremendous impacts eject some rocks with 
such speed that they escape the planet’s gravitational attraction and 
fly off into space. 

There are numerous large craters on Mars, so a good number 
of Martian rocks have probably been blasted into space over the 
planet’s history. These ejected rocks then go into elliptical orbits 
around the Sun. A few such rocks will have orbits that put them on 
a collision course with the Earth, and these are the ones that scien¬ 
tists find as SNC meteorites. 

( ConceptCheck 8-7 ) Why are scientists convinced that these 
SNC meteorites actually came from Mars and not from our Moon? 

Answer appears at the end of the chapter. 



(a) 

Figure 8-8 RIVUXG 

A Meteorite from Mars (a) This 1.9-kg meteorite, known as ALH 84001, formed on Mars 
some 4.5 billion years ago. About 16 million years ago a massive impact blasted it into 
space, where it drifted in orbit around the Sun until landing in Antarctica 13,000 years ago. 
The small cube at lower right is 1 cm (0.4 in.) across, (b) This electron microscope image, 


Martian Meteorites May Show Evidence 
of the Presence of Liquid Water 

Using a radioactive age-dating technique, scientists find that most 
SNC meteorites are between 200 million and 1.3 billion years old, 
much younger than the 4.56-billion-year age of the solar system. 
But one SNC meteorite, denoted by the serial number ALH 84001 
and found in Antarctica in 1984, was discovered in 1993 to be 4.5 
billion years old (Figure S-Sa). Thus, ALH 84001 is a truly ancient 
piece of Mars. Analysis of ALH 84001 suggests that it was fractured 
by an impact between 3.8 and 4.0 billion years ago, was ejected 
from Mars by another impact 16 million years ago, and landed in 
Antarctica a mere 13,000 years ago. 

ALH 84001 is the only known specimen of a rock that was on 
Mars during the era when liquid water most likely existed on the 
planet’s surface. Scientists have therefore investigated its chemical 
composition carefully, in the hope that this rock may contain clues 
to the amount of water that once flowed on the Martian surface. 
One such clue is the presence of rounded grains of minerals called 
carbonates, which can form only in the presence of water. 

In 1996, David McKay and Everett Gibson of the NASA John¬ 
son Space Center, along with several collaborators, reported the 
results of a two-year study of the carbonate grains in ALH 84001. 
They made three remarkable findings. First, in and around the car¬ 
bonate grains were large numbers of elongated, tubelike structures 
resembling fossilized microorganisms (Figure 8-8 b). Second, the 
carbonate grains contain very pure crystals of iron sulfide and mag¬ 
netite. These two compounds are rarely found together (especially 
in the presence of carbonates) but can be produced by certain types 
of bacteria. Indeed, about one-fourth of the magnetite crystals found 
in ALH 84001 are of a type that on Earth are formed only by 



(b) 


magnified some 100,000 times, shows tubular structures about 100 nanometers (10 7 m) 
in length found within the Martian meteorite ALH 84001. One controversial interpretation 
is that these are the fossils of microorganisms that lived on Mars billions of years ago. (a: 
NASA Johnson Space Center; b: Science, NASA) 
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bacteria. Third, carbon-based molecules are present—just the sort, 
in fact, that result from the decay of microorganisms. McKay and 
Gibson concluded that the structures seen in Figure 8-8 b are fossil¬ 
ized remains of microorganisms. If so, these organisms lived and 
died on Mars billions of years ago, during the era when liquid water 
was abundant. 

Are McKay and Gibson’s conclusions correct? Their claims of 
ancient life on Mars are extraordinary, and such claims necessarily 
require extraordinary proof. With only one rock like ALH 84001 
known to science, however, such proof is hard to come by, and many 
scientists are skeptical. They argue that the structures found in ALH 
84001 could have been formed in other ways that do not require 
the existence of Martian microorganisms. Future spacecraft may 
help resolve the controversy by examining rocks on the Martian 
surface. For now, the existence of microscopic life on Mars in the 
distant past remains an open question. 

C ConceptCheck 8-8 ) Why do astrobiologists test meteorites for 
the presence of magnetite and pure iron sulfide crystals? 

Answer appears at the end of the chapter. 

(39 The Drake equation helps scientists 

estimate how many civilizations may inhabit 
our Galaxy 

We have seen that only a few locations within our solar system 
might have been suitable for life to exist. But what about life exist¬ 
ing on other planets orbiting distant stars? Scientists have found 
and cataloged hundreds of such distant planets and can infer 
that thousands more exist, waiting to be discovered. One perspec¬ 
tive is that the fact that life exists on Earth means that extrater¬ 
restrial life, including intelligent species, might evolve on planets 
around distant stars, given sufficient time and hospitable con¬ 
ditions. How can we learn whether such worlds exist, given the 
tremendous distances that separate us from them? This is the 
great challenge facing the search for extraterrestrial intelligence, 
or SETI. 

Remote Communication Is More 
Likely than Close Encounters 

A tenet of modern folklore is the belief that alien civilizations do 
exist, and that their spacecraft have visited Earth. Indeed, surveys 
show that between one-third and one-half of all Americans believe 
in unidentified flying objects (UFOs) visiting Earth from alien 
worlds. A somewhat smaller percentage believes that aliens have 
quietly landed on Earth. But, in fact, there is no scientifically verifi¬ 
able evidence of alien visitations. As an example, many UFO pro¬ 
ponents believe that the U.S. government is hiding evidence of an 
alien spacecraft that crashed near Roswell, New Mexico, in 1947. 
However, the bits of “spacecraft wreckage” found near Roswell turn 
out to be nothing more than remnants of an unmanned research 
balloon. To find real evidence of the presence or absence of 


intelligent civilizations on worlds orbiting other stars, we must look 
elsewhere. 

With our present technology, sending even a small unmanned 
spacecraft to another star requires a flight time of tens of thousands 
of years. Speculative design studies have been made for unmanned 
probes that could reach other stars within a century or less, but 
these are prohibitively expensive. Instead, many astronomers hope 
to learn about extraterrestrial civilizations by detecting radio trans¬ 
missions from them. Radio waves are a logical choice for interstellar 
communication because they can travel immense distances without 
being significantly degraded by the interstellar medium, the thin gas 
and dust found between the stars. 

Over the past several decades, astronomers have proposed vari¬ 
ous ways to search for alien radio transmissions, and several 
searches have been undertaken. In 1960, Frank Drake first used a 
radio telescope at the National Radio Astronomy Observatory in 
West Virginia to listen to two Sunlike stars, Tau Ceti and Epsilon 
Eridani, without success. More than 60 more extensive SETI 
searches have taken place since then, using radio telescopes around 
the world. Occasionally, a search has detected an unusual or power¬ 
ful signal. But none has ever repeated, as a signal of intelligent origin 
might be expected to do. To date, we have no confirmed evidence 
of radio transmissions from another world. 

CConceptCheck 8-9 ) Why might the use of radio waves for 
exploration for life in the galaxy be more fruitful than using unmanned 
interstellar spaceships? 

Answer appears at the end of the chapter. 

Are They Out There? 

Should we be discouraged by this failure to make con- 
^ tact? What are the chances that a radio astronomer 
might someday detect radio signals from an extrater¬ 
restrial civilization? The first person to tackle this issue was Frank 
Drake, who laid out all of the possible characteristics that one 
would have to consider in order to find another civilization. He 
proposed that the number of technologically advanced civilizations 
in the galaxy could be estimated by a single mathematical sentence. 
This is now called the Drake equation: 

Drake equation 

N = R* f.nJJ.JL 

N = number of technologically advanced civilizations in the galaxy 
whose messages we might be able to detect 
R* = the rate at which solar-type stars form in the galaxy 
f = the fraction of stars that have planets 

n e = the number of planets per solar system that are Earthlike (that 
is, suitable for life) 

f { = the fraction of those Earthlike planets on which life actually 
arises 

f = the fraction of those life-forms that evolve into intelligent 
species 
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f c = the fraction of those species that develop adequate technology 
and then choose to send messages out into space 
L = the lifetime of a technologically advanced civilization 

Let’s consider this one aspect at a time. The first two factors, 
R* and f p9 can be determined by observation. In estimating R*, we 
should probably exclude stars with masses greater than about 1.5 
times that of the Sun. These more massive stars use up the hydrogen 
in their cores in 3 billion (3 X 10 9 ) years or less. On Earth, by con¬ 
trast, human intelligence developed only within the last million 
years or so, some 4.56 billion years after the formation of the solar 
system. If that is typical of the time needed to evolve higher life- 
forms, then a star of 1.5 solar masses or more probably fades away 
or explodes into a supernova before creatures as intelligent as we 
can evolve on any of that star’s planets. 

Although stars less massive than the Sun have much longer 
lifetimes, they, too, seem unsuited for life because they are so dim. 
Only planets very near a low-mass star would be sufficiently warm 
for life as we know it. More important, a planet sufficiently close 
to a star is subject to its strong gravitational forces, which impacts 
the speed at which the planet can spin. This is important because a 
planet that orbits too close to its star would have one hemisphere 
heated to great temperatures because it would be gravitationally 
locked toward the star, while the other hemisphere would be in 
perpetual, frigid darkness (see Figure 1-23). 

This leaves us with stars not too different from the Sun. (Like 
Goldilocks sampling the three bears’ porridge, we must have a star 
that is not too hot and not too cold, but just right.) Based on statisti¬ 
cal studies of star formation in the Milky Way, some astronomers 
estimate that roughly one of these Sunlike stars forms in the galaxy 
each year in a galactic habitable zone where one might find such 
stars. This sets R* at 1 per year. 

The planets in our solar system formed as a natural consequence 
of the birth of the Sun. We have also seen evidence suggesting that 
planetary formation may be commonplace around single stars. 
Many astronomers suspect that most Sunlike stars probably have 
planets, and so they give f a value of 1. 

Unfortunately, the rest of the terms in the Drake equation are 
extremely uncertain. Let’s consider some hypothetical values. The 
chances that a planetary system has an Earthlike world suitable for 
life are not known. Were we to consider our own solar system as 
representative, we could put n e at 1. Let’s be more conservative, 
however, and suppose that one in ten solar-type stars is orbited by 
a habitable planet, making n t = 0.1. From what we know about the 
evolution of life on the Earth, we might assume that, given appropri¬ 
ate conditions, the development of life is a certainty, which would 
make f { = 1. This is an area of intense interest to astrobiologists. 

For the sake of argument, we might also assume that evolution 
might naturally lead to the development of intelligence (a conjecture 
that is hotly debated) and also make f = 1. It’s anyone’s guess as to 
whether these intelligent extraterrestrial beings would attempt com¬ 
munication with other civilizations in the galaxy, but were we to 
assume they would, f c would be put at 1 also. 

The last variable, L, involving the longevity of a civilization, is 
the most uncertain of all. Looking at our own example, we see a 
planet whose atmosphere and oceans are increasingly polluted by 


creatures that possess nuclear weapons. If we are typical, perhaps 
L is as short as 100 years. Putting all these numbers together, we 
arrive at 

N = 1/year X 1 X 0.1 X 1 X 1 X 1 X 100 years = 10 

In other words, out of the hundreds of billions of stars in the galaxy, 
we would estimate that there are only 10 technologically advanced 
civilizations from which we might receive communications. 

A wide range of values has been proposed for the terms in the 
Drake equation, and these various guesses produce vastly different 
estimates of N. Some scientists argue that there is exactly one ad¬ 
vanced civilization in the galaxy and that we are it. Others speculate 
that there may be hundreds or thousands of planets inhabited by 
intelligent creatures. If we wish to know whether our galaxy is 
devoid of other intelligence, teeming with civilizations, or something 
in between, we must keep searching the skies. 

(ConceptCheck 8-10 ) What makes the longevity of the 
civilization, L, the most difficult to estimate? 

CalClllationCheck 8-1 ) If we learned that Sunlike stars are 3 
times more frequent than we originally thought, how would that 
change our estimate of the number of Sunlike stars that form every 
year in our galaxy? 

Answers appear at the end of the chapter. 


Searches with space-based infrared 

telescopes and Earth-based radio telescopes 
for Earthlike planets and alien civilizations 
are under way 

Although no longer directly involved in SETI, NASA is planning a 
major effort to search for Earthlike planets suitable for the evolu¬ 
tion of an advanced civilization. Such a 
search poses a major challenge. Astrono¬ 
mers have discovered many Jupiter-sized 
planets by detecting the “wobble” that 
these planets produce in their parent star. 

But a planet the size of the Earth would exert only a weak gravita¬ 
tional force on its parent star, and the resulting “wobble” is too 
small for us to detect with present technology. Earth-sized planets 
are also too dim to be seen in visible light against the glare of their 
parent star. 

Searching for Planetary Transits 

An alternative technique is being used by an orbiting telescope called 
Kepler. If a star is orbited by a planet whose orbital plane is oriented 
edge-on to our line of sight, once per orbit the planet will pass in 
front of the star in an event called a transit. This causes a temporary 
dimming of the light we see from that star. Astronomers have used 


Wobbles are covered in 
section 4-7. 
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Earth-based telescopes to observe dimming of this kind from Jupiter¬ 
sized planets transiting their parent stars. To detect the much slighter 
dimming caused by the transit of a small, Earth-sized planet, Kepler 
uses specialized detectors. Furthermore, by observing from orbit 
using a telescope with a wide field of view, Kepler is able to continu¬ 
ously monitor thousands of stars at once. As a result, Kepler has 
been able to find hundreds of planets in a very short time. 

When Kepler detects stars that dim slightly, astronomers make 
efforts to be sure that the dimming really is due to a transiting planet 
and not some other cause. (One key test is whether the dimming 
repeats with a definite period, as would be expected for a planet in a 
periodic orbit.) Once this is done, astronomers are able to determine 
the transiting planets’ sizes (which determines how much dimming 
takes place), as well as the sizes of their orbits (which can be calcu¬ 
lated from Johannes Kepler’s third law by using the orbital period of 
the planet, which is the same as the time interval between successive 
transits). Given the distance from the planet to its parent star and 
the star’s luminosity, astronomers are even able to estimate the plan¬ 
et’s average temperature. 

C ConceptCheck 8^TT) What exactly is the Kepler telescope 
watching for as it looks for planets around stars? 

( ConceptCheck 8-12 ) Which planets will the Kepler telescope 
not be able to find, even if quite nearby? 

Answers appear at the end of the chapter. 

Searching Using Images and Spectra 

The disadvantage of both the wobble method and the transit method 
of searching for planets is that we still do not have any direct pic¬ 
tures of the planets. If we are looking for life, we sure would like 
to have an actual picture. Planned for a 2015 launch, Darwin is a 
European Space Agency telescope that will search for Earthlike 
planets by detecting their infrared radiation. The rationale is that 
stars like the Sun emit much less infrared radiation than visible light, 
while planets are relatively strong emitters of infrared. Hence, ob¬ 
serving in the infrared makes it less difficult (although still techni¬ 
cally challenging) to detect planets orbiting a star. 

Darwin will also analyze the infrared spectra of any planets that 
it finds, in the hope of seeing the characteristic absorption of 


atmospheric gases such as ozone, carbon dioxide, and water vapor 
(Figure 8-9). The relative amounts of these gases, as determined from 
a planet’s spectrum, can reveal whether life is present on that planet. 

The Darwin telescope will need to achieve enough resolution to 
detect individual planets. One proposed mission design makes use 
of interferometry. By combining the light from three widely spaced 
dishes, each at least 3 m in diameter, Darwin will make the sharpest 
infrared images of any telescope in history. NASA has proposed a 
similar planet-finding interferometry mission, called Terrestrial 
Planet Finder, but the funding for this mission is uncertain. 

A more speculative project is an infrared telescope with suffi¬ 
cient resolution that some detail would be visible in the image of 
an extrasolar planet. One concept for such a mission would consist 
of five Darwin-type telescopes flying in a geometrical formation 
some 6000 km across (equal to the radius of the Earth). All five 
telescopes would collect light from the same extrasolar planet, then 
reflect it onto a single mirror. The combined light would go to detec¬ 
tors on board a sixth spacecraft. The technology needed for such 
an ambitious mission does not yet exist but may become available 
within a few decades. 

Sometime during the 21st century, missions such as Darwin 
may answer the question “Are there worlds like Earth orbiting other 
stars?” If the answer is yes, radio searches for intelligent signals will 
gain even more impetus. 

(ConceptCheck 8-13 *) How will the Darwin telescope infer 
whether or not planets it observes harbor life? 

Answer appears at the end of the chapter. 

Radio Searches for Alien Civilizations 

If on the chance that other civilizations are trying to communicate 
with us using radio waves, how can we know what frequency they 
are using? This is an important question, because if we fail to tune 
our radio telescopes to the right frequency, we might never know 
whether the aliens are out there. 

A reasonable choice would be a frequency that is fairly free of 
interference from extraneous sources. SETI pioneer Bernard Oliver 
was the first to draw attention to a range of relatively noise-free 
frequencies in the neighborhood of the microwave emission lines 
of hydrogen (H) and hydroxide (OH) (Figure 8-10). This region of 


Figure 8-9 

The Spectrum of a Simulated Planet The image on the left is a 
simulation of what the Terrestrial Planet Finder infrared telescope 
might see once it is launched. The white dot at the center is a 
nearby Sunlike star, and the smaller dots around it are planets 
orbiting the star. On the right is the simulated infrared spectrum 
of one of the planets, showing broad absorption lines of water 
vapor (H 0), ozone (0), and carbon dioxide (CO). While all these 
molecules can be created by nonbiological processes, the presence 
of life will change the relative amounts of each molecule in the 
planet’s atmosphere. Thus, the infrared spectrum of such planets 
will make it possible to identify worlds on which life may have 
evolved. (Jet Propulsion Laboratory) 
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Figure 8-10 

The Water Hole This graph shows the background noise level from the 
sky at various radio and microwave frequencies. The so-called water hole 
is a range of radio frequencies from about 10 to 10 megahertz (MHz) in 
which there is little noise and little absorption by the Earth’s atmosphere. 
Some scientists suggest that this noise-free region would be well suited 
for interstellar communication. Within the water hole itself, the principal 
source of noise is the afterglow of the Big Bang, called the cosmic 
microwave background. To put this graph in perspective, a frequency of 100 
MHz corresponds to “100” on a FM radio, and 10 MHz is a frequency used 
for various types of radar. (Adapted from C. Sagan and F. Drake) 


the microwave spectrum is called the water hole, because H and 
OH together make H 2 0, or water. 

In 1989, NASA began work on the High Resolution Microwave 
Survey (HRMS), an ambitious project to scan the entire sky at 
frequencies spanning the water hole from 10 3 to 10 4 MHz. HRMS 
would have observed more than 800 nearby solar-type stars over a 
narrower frequency range in the hope of detecting signals that were 
either pulsed (like Morse code) or continuous (like the carrier wave 
for a TV or radio broadcast). The sophisticated signal-processing 
technology of HRMS would have been able to sift through tens of 
millions of individual frequency channels simultaneously. It would 
even have been able to detect the minute Doppler shifts in a signal 
coming from an alien planet as that planet spun on its axis and 
moved around its star. 

Sadly, just one year after HRMS began operation in 1992, the 
U.S. Congress imposed a mandate requiring that NASA no longer 
support HRMS or any other radio searches for extraterrestrial intel¬ 
ligence. This decision, which was made on budgetary grounds, saved 
a few million dollars—an entirely negligible amount compared to 
the total NASA budget. Ironically, the senator who spearheaded 
this was from the state of Nevada, where tax dollars have been ban 
to signpost a remote desert road as “The Extraterrestrial 
Highway.” 

Even though NASA funding is no longer available, several 
teams of scientists remain actively involved in SETI programs. Fund¬ 
ing for these projects has come from nongovernmental organiza¬ 
tions such as the Planetary Society and from private individuals. 
Since 1995 the SETI Institute in California has been carrying out 
Project Phoenix, the direct successor to HRMS. When complete, 
this project will have surveyed a thousand Sunlike stars within 200 
light-years at millions of radio frequencies. At Harvard University, 
BETA (the Billion-channel ExtraTerrestrial Assay) is scanning the 
sky at even more individual frequencies within the water hole. Other 


multifrequency searches are being carried out under the auspices of 
the University of Western Sydney in Australia and the University of 
California. 

A major challenge facing SETI is the tremendous amount of 
computer time needed to analyze the mountains of data returned by 
radio searches. To this end, scientists at the University of California, 
Berkeley, have recruited nearly 5 million personal computer users to 
participate in a project called SETI@home. Each user receives actual 
data from a detector called SERENDIP IV (Search for Extraterres¬ 
trial Radio Emissions from Nearby, Developed, Intelligent Popula¬ 
tions) and a data analysis program that also acts as a screensaver. 
When the computer’s screensaver is on, the program runs, the data 
are analyzed, and the results are reported via the Internet to the re¬ 
searchers at Berkeley. The program then downloads new data to be 
analyzed. As of 2009, SETI@home had more than 5.2 million users 
and had provided as much computer time as a single computer 
working full-time for 3 million years! All current SETI projects 
make use of existing radio telescopes and must share telescope time 
with astronomy researchers. The SETI Institute is working to build 
and put into operation a radio telescope that will be dedicated solely 
to the search for intelligent signals. This telescope, called the Allen 
Telescope Array, will eventually be hundreds of relatively small and 
inexpensive radio dishes working together. Perhaps this new array 
will be the first to detect a signal from a distant civilization. 

The potential rewards from such searches are great. Detecting 
a message from an alien civilization could dramatically change the 
course of our own civilization, through the sharing of scientific 
information with another species or an awakening of social or hu¬ 
manistic enlightenment. In only a few years our technology, indus¬ 
try, and social structure might advance the equivalent of centuries 
into the future. Such changes would touch every person on the 
Earth. Mindful of these profound implications, scientists push ahead 
with the search for extraterrestrial intelligence. 










VISUAL LITERACY TASK 


Life in the Universe 



PROMPT: What would you tell a fellow student who said, “Miller- 
Urey demonstrated that life can be created by mixing water with 
soil and energizing it with heat.” 


ENTER RESPONSE: 


Guiding Questions: 

1. The end result of the Miller-Urey experiment was the crea¬ 
tion of 

a. amino acids. 

b. living bacteria. 

c. DNA. 

d. microscopic plants. 

2. Miller and Urey utilized substances they believed were 

a. derived from plants. 

b. common to Earth’s early atmosphere. 

c. similar to ooze found at the bottom of the ocean. 

d. similar to dirt and mud from river banks. 

3. Miller and Urey energized the substances in their experiment 
using 

a. controlled flame. 

b. electrical shocks, to simulate lightning. 

c. electricity to heat and simmer the concoction. 

d. the steam from boiling water to simulate a volcano. 

4. The Miller-Urey experiment was designed to 

a. disprove the existence of a supernatural being. 

b. create living organisms from nonliving materials. 

c. convert plant life into animal life. 

d. re-create the early Earth conditions when life started. 


Key ideas and Terms 

8-1 Planets and the chemical building blocks of life are found throughout 

space 

• Astrobiology is the study of how life originates and evolves 
throughout the universe. 

• All life on Earth, and presumably on other worlds, depends on organic 
(carbon-based) molecules. These molecules occur naturally throughout 
interstellar space. 


• The organic molecules needed for life to originate were probably 
brought to the young Earth by comets or meteorites. 

• The Miller-Urey experiment demonstrated the possible environmental 
conditions of an early Earth. 

8-2 Europa and Mars are promising places for life to have evolved 

• Besides Earth, the planet Mars and Jupiter’s moon Europa are the 
most likely candidates to have had the right conditions for the origin 
of life. 
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• Mars once had liquid water on its surface, though it has none today. 
Life may have originated on Mars during the liquid water era. 

• The Viking Lander spacecraft searched for microorganisms on the 
Martian surface, but found no conclusive sign of their presence. Three 
decades later, NASA successfully landed two robotic rovers named 
Spirit and Opportunity at two very different sites on opposite sides of 
Mars. More recently, the Phoenix Lander and the LCROSS NASA 
missions found solid evidence of water on Mars and our Moon. 

• Europa appears to have extensive liquid water beneath its icy surface. 
Future missions may search for the presence of life there. 

8-3 Meteorites from Mars have been scrutinized for life-forms 

• SNC meteorites come from Mars and are identified by the chemical 
composition of trace amounts of Martian atmospheric gas trapped 
within them. 

• ALH 84001 is the only known specimen of a rock that was on Mars 
during the era when liquid water most likely existed on the planet’s 
surface and provides only circumstantial evidence for Martian life. 

8-4 The Drake equation helps scientists estimate how many civilizations 

inhabit our galaxy 

• The fact that life exists on Earth means that extraterrestrial life, 
including intelligent species, might evolve on planets around distant 
stars, given sufficient time and hospitable conditions. 

• The collective effort of scientists looking for intelligent life beyond 
Earth is known as the search for extraterrestrial intelligence, or SETI. 

• The Drake equation is a tool for estimating the number of intelligent, 
communicative civilizations in our galaxy. 

• As radio waves travel at the speed of light, radio communication is 
probably more plausible than face-to-face visits with extraterrestrials. 

8-5 Searches with space-based infrared telescopes and Earth-based radio 

telescopes for Earthlike planets and alien civilizations are under way 

• Astronomers have discovered many Jupiter-sized planets by detecting 
the “wobble” that these planets produce in their parent star, by slight 
dimming of starlight as a planet “transits” its host star, and by careful 
analysis of spectra. 

• Radio searches focus on a frequency that is fairly free of interference 
in the neighborhood of the microwave emission lines of hydrogen (H) 
and hydroxide (OH) (Figure 8-10). This region of the microwave 
spectrum is called the water hole, because H and OH together make 
H 2 0, or water. 

• Astronomers have carried out a number of searches for radio signals 
from other stars. No signs of intelligent life have yet been detected, but 
searches are continuing and using increasingly sophisticated 
techniques. 

• A new generation of orbiting telescopes may be able to detect 
terrestrial planets around nearby stars. If such planets are found, their 
infrared spectra may reveal the presence or absence of life. 


Questions 

Review Questions 

1. Why are extreme life-forms on Earth, such as those shown in the 
photograph that opens this chapter, of interest to astrobiologists? 


2. What is meant by “life as we know it”? Why do astrobiologists 
suspect that extraterrestrial life is likely to be of this form? 

3. How have astronomers discovered organic molecules in 

||^| interstellar space? Does this discovery mean that life of 

some sort exists in the space between the stars? 

4. Mercury, Venus, and the Moon are all considered unlikely places to 
find life. Suggest why this should be. 

5. Many science-fiction stories and movies—including The War of the 
Worlds, Invaders from Mars, Mars Attacks!, and Martians, Go 
Home —involve invasions of Earth by intelligent beings from Mars. 
Why Mars rather than any of the other planets? 

6. Summarize the differences in philosophy between the biological 
experiments on board the Viking Landers and those on board 
Beagle 2. 

7. Suppose someone brought you a rock that he claimed was a Martian 
meteorite. What scientific tests would you recommend be done to test 
this claim? 

8. Why are most searches for extraterrestrial intelligence made using 
radio telescopes? Why are most of these carried out at frequencies 
between 10 3 MHz and 10 4 MHz? 

9. Explain why infrared telescopes like those proposed for Darwin and 
Terrestrial Planet Finder need to be placed in space. 

Web Chat Questions 

1. Suppose someone told you that the Viking Landers failed to detect 
life on Mars simply because the tests were designed to detect 
terrestrial life-forms, not Martian life-forms. How would you 
respond? 

2. Science-fiction television shows and movies often depict aliens as 
looking very much like humans. Discuss the likelihood that 
intelligent creatures from another world would have (a) a 
biochemistry similar to our own, (b) two legs and two arms, and 
(c) about the same dimensions as a human. 

3. The late, great science-fiction editor John W. Campbell exhorted his 
authors to write stories about organisms that think as well as 
humans, but not like humans. Discuss the possibility that an 
intelligent being from another world might be so alien in its thought 
processes that we could not communicate with it. 

4. If a planet always kept the same face toward its star, just as the 
Moon always keeps the same face toward Earth, most of the planet’s 
surface would be uninhabitable. Discuss why. 

5. How do you think our society would respond to the discovery of 
intelligent messages coming from a civilization on a planet orbiting 
another star? Explain your reasoning. 

6. What do you think will set the limit on the lifetime of our 
technological civilization? Explain your reasoning. 

7. The first of all Earth spacecraft to venture into interstellar space were 
Pioneer 10 and Pioneer 11, which were launched in 1972 and 1973, 
respectively. Their missions took them past Jupiter and Saturn and 
eventually beyond the solar system. Both spacecraft carry a metal 
plaque with artwork (reproduced on page 206) that shows where the 
spacecraft is from and what sort of creatures designed it. If an alien 
civilization were someday to find one of these spacecraft, which of 
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the features on the plaque do you think would be easily 
understandable to them? Explain. 



14 reference stars (pulsars) and their relative distances from the 
the center of the Galaxy Sun (shown in binary code) 

Collaborative Exercises 

1. Any living creatures in the subsurface ocean of Europa would have to 
survive without sunlight. Instead, they might obtain energy from 
Europa’s inner heat. Search the World Wide Web for information 
about “black smokers,” which are associated with high-temperature 
vents at the bottom of Earth’s oceans. What kind of life is found 
around black smokers? How do these life-forms differ from the more 
familiar organisms found in the upper levels of the ocean? 

2. Like other popular media, the World Wide Web is full of claims of 
the existence of “extraterrestrial intelligence”—namely, UFO 
sightings and alien abductions, (a) Choose a Web site of this kind and 
analyze its content using the idea of Occam’s razor, the principle that 
if there is more than one viable explanation for a phenomenon, one 
should choose the simplest explanation that fits all the observed facts, 
(b) Read what a skeptical Web site has to say about UFO sightings. A 
good example is the Web site of the Committee for the Scientific 
Investigation of Claims of the Paranormal, or CSICOP. After 
considering what you have read on both sides of the UFO debate, 
discuss your opinions about whether aliens really have landed on 
Earth. 

3. Imagine that astronomers have discovered intelligent life in a nearby 
star system. Your group is submitting a proposal for who on Earth 
should speak for the planet and what 50-word message should be 
conveyed. Prepare a maximum one-page proposal that states (a) who 
should speak for Earth and why; (b) what this person should say in 
50 words; and (c) why this message is the most important compared 
to other things that could be said. 

Observing Projects 

1. Use the Starry Night College™ program to view the Earth as it might 
be seen by a visiting spacecraft. Select Favourites > Investigating 
Astronomy > Earth from Space to view the Earth as it rotates some 
12,000 km below you. Stop time advance and use the location 
scroller to explore different locations on the planet. 

a) Describe any features you see that might suggest that life exists 
on Earth. Explain your reasoning. 


b) Use the zoom controls to show more detail; now can you see 
any evidence that life exists on Earth? 

c) From a distance of a few million kilometers, are there any 
measurements that a spacecraft might carry out to prove that 
life exists on Earth? Explain your reasoning. 

2. Use the Starry Night College ™ program to examine the planet Mars. 
Select Favourites > Investigating Astronomy > Mars. Zoom in or out 
on Mars and use the location scroller to examine the planet’s surface. 
From what you observe, where on the Martian surface would you 
choose to land a spacecraft to search for the presence of life? Explain 
the reasons for your choice. 

3. Use the Starry Night College ™ program to examine Jupiter’s moon 
Europa. Select Favourites > Investigating Astronomy > Europa to 
view this enigmatic moon of our largest planet. Use the location 
scroller cursor and zoom controls to examine the surface of this 
moon. What surface features, if any, suggest that this moon might 
harbor life? What other evidence from this moon might suggest the 
possibility that life exists there? 

4. Use the Starry Night College™ program to investigate the likelihood of 
the existence of life in the universe beyond that found upon the Earth. 
Select Favourites > Investigating Astronomy > Extrasolar Planets and 
use the hand tool or cursor keys to look around the sky. Each marked 
star in this view has at least one planet orbiting around it. Click and 
hold the Increase current elevation button in the toolbar until the 
viewpoint is about 1000 light years from Earth. Note that the stars 
with extrasolar planets are contained in a small knot of stars in the 
region of our Sun, our solar neighborhood. This is because present 
techniques place a limit upon the distance to which we can find 
extrasolar planets in space. There is no logical reason why the same 
proportion of stars in the rest of the Milky Way, or indeed in the rest of 
the Universe, should not have companion planets. Increase current 
elevation again to about 90,000 light-years from Earth to see a view of 
the Milky Way Galaxy. Use the location scroller to view the Milky Way 
face-on and compare the size of the clump of stars representing the 
solar neighborhood to the size of the Milky Way Galaxy. Click the 
Increase current elevation button again until the Viewing Location 
panel indicates a distance to Earth of about 0.300 Mly (300, 000 light 
years). In this view, each point of light represents a separate galaxy 
containing hundreds of billions of stars. Now, gradually Increase 
current elevation to about 1500 Mly (1.5 billion light-years from Earth) 
to see the entire database of 28,000 galaxies included in the Starry 
Night College ™ data bank. The borders of this cube of galaxies 
reaching out to about 500 million light years from Earth is defined by 
the limits of the methods for determining distance to galaxies in deep 
space. In practice, this volume of space represents less than 5% of the 
size of the observable universe, and galaxies abound beyond the limits 
of this view. To view images of some of these very distant galaxies, open 
the view named Hubble Deep Field from the Investigating Astronomy 
folder in the Favourites pane. This view from the center of the Earth is 
centered upon a seemingly empty patch of sky. Zoom in to see this 
image of more than 1500 very distant galaxies that were found by the 
Hubble Space Telescope in a small region of our sky. Then open the 
view named Hubble Ultra Deep Field and zoom in on an image of over 
10,000 galaxies that extends to the limits of our observable universe. 

a) Do these views influence your thoughts on the likelihood that 
life, including intelligent life, exists elsewhere in the universe 
other than Earth? Explain your reasoning, using the Drake 
equation as a guide. 

b) Why is it unlikely that we will be able to communicate with life 
forms that might exist on planets in these very distant regions of 
space? 









Looking for Life Beyond Earth 


207 


Answers 

ConceptChecks 

ConceptCheck 8-1: Carbon atoms can combine with other elements to form 
an impressively wide array of different molecules, and carbon atoms are 
plentiful around stars. 

ConceptCheck 8-2: Carbon molecules are commonly found in meteorites 
and comets, which frequently crashed onto planets’ surfaces during the 
early formation of the solar system. 

ConceptCheck 8-3: They created amino acids and other compounds that 
living organisms need—they did not create living entities. 

ConceptCheck 8-4: The moon does not have the needed thick atmosphere 
to keep any liquid water needed for life from evaporating into outer space. 

ConceptCheck 8-5: The scientists were looking for bubbles to be given off 
when water was added, hoping that the microbes would use the water for 
observable life processes. 

ConceptCheck 8-6: On Earth, gray hematite is found in places where water 
exists or has existed in the past. 

ConceptCheck 8-7: The SNC meteorites have trace amounts of gas trapped 
within them that are nearly identical to the unique Martian atmosphere. 

ConceptCheck 8-8: On Earth, magnetite and pure iron sulfide crystals often 
occur in the presence of certain kinds of living microbes, suggesting that 
life once existed in this material. 


ConceptCheck 8-9: Radio waves travel at more than a hundred thou¬ 
sand kilometers every second whereas our fastest spacecraft can only 
travel at tens of thousands of kilometers every hour; therefore, the vast 
distances between stars are simply too far to physically travel. 

ConceptCheck 8-10: L is particularly difficult to estimate because at about 
the same time the technology to communicate beyond one’s own planet is 
developed, the technology of weapons of mass destruction can develop, 
which could end the civilization just as it starts (alternatively, it can learn 
to live without war and exist for a very long time). 

ConceptCheck 8-11: The Kepler telescope is looking for an ever-so-slight 
dimming of a star as an orbiting planet moves between the star and 
Kepler. 

ConceptCheck 8-12: Because Kepler looks for the dimming of stars, if an 
orbiting planet never moves directly between Kepler and the star, as if seen 
from above its orbit, it will not be observed to dim the central star. 

ConceptCheck 8-13: The Darwin instruments can measure a planet’s spec¬ 
tra, which could have a peculiar look if living organisms are influencing the 
planet’s atmosphere, which is what happens on Earth. 

CalculationCheck 

CalculationCheck 8-1: Many scientists estimate that about one Sunlike star 
forms in our galaxy every year, so if this number increases three times, then 
the number of Sunlike stars in our galaxy also increases to about three 
formed each year. 
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R I V U X G A composite view of the Sun showing the upheaval on the surface and 
the dynamic outstretched upper atmosphere of the corona. (SOHO/LASCO/EIT/ESA/NASA) 

Probing the Dynamic Sun 


O ur Sun is by far the brightest object in the sky. By earthly standards, 
the temperature of its glowing surface is remarkably high, reaching 
thousands of degrees. Yet there are regions of the Sun that reach 
far higher temperatures of tens of thousands or even millions of degrees. 
Gases at such temperatures emit ultraviolet light, which makes them appear 
prominent with an ultraviolet telescope in space, as shown in the above image. 
Some of the hottest and most energetic regions on the Sun spawn immense 
disturbances. These can propel solar material across space far enough to reach 
the Earth and other planets. 

In recent decades, by looking carefully at the details of how energy is 
emitted by the Sun, we have learned that it shines because hundreds of 


millions of tons of hydrogen are converted to helium every second at 
its core. We have also recently come to understand that the Sun has a 
surprisingly violent atmosphere, with a host of features such as sunspots 
whose numbers rise and fall on a predictable 11-year cycle. By studying the 
Sun’s vibrations, we have begun to understand new details of the Sun’s 
character far beneath its previously unexplored surface. And, perhaps most 
important, we are in the beginning phases of investigating how changes in 
the Sun’s activity can affect the Earth’s fragile environment as well as our 
technological society. What we know about the physical processes at work 
inside our closest star helps us understand the stars beyond our solar 
system. 


Key Ideas 


BY READING THE SECTIONS OF THIS CHAPTER, YOU WILL LEARN 


r gffl The Sun’s energy is generated by thermonuclear reactions in 
its core 

fpgl Energy slowly moves outward from the solar interior through 
several processes 

The Sun's outer layers are the photosphere, chromosphere, 
and corona 


GE» Sunspots are low-temperature regions in the 
photosphere 

fpgj The Sun's magnetic field also produces other forms of 
solar activity and causes aurorae on Earth 
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CHAPTER 9 


ced The Sun's energy is generated by 
thermonuclear reactions in its core 


n If you were to ask the next five people you meet, “What 
■Bl 1S t ^ ie most important object in the sky?,” most people 
would say our Sun. The reasons for the Sun’s importance 
are many, including that it provides light to warm Earth’s surface, 
it provides energy that drives weather, and it underlies the ability 
of plants to grow through photosynthesis. 

Our Sun also plays an important role in the cosmos. The Sun 
is the largest member of our solar system. It has almost a thousand 
times more mass than all the solar system’s planets, moons, aster¬ 
oids, comets, and meteoroids put together. But the Sun is also a star. 
In fact, it is a remarkably typical star, with a mass, size, surface 
temperature, and chemical composition that are roughly midway 
between the extremes exhibited by the myriad of other stars in the 
heavens. 


Solar Energy 

For most people, what matters most about the Sun is the energy 
that it radiates into space. Without the Sun’s warming rays, our 
atmosphere and oceans would freeze into an icy layer coating a 
desperately cold planet, and life on Earth would be impossible. To 
understand why we are here, we must understand the nature of 
the Sun. 

Why is the Sun such an important source of energy? One reason 
is that the Sun has a far higher surface temperature than any of the 
planets or moons. The Sun’s spectrum is close to that of an idealized 
blackbody with a temperature of 5800 I< (see Figure 2-12). Thanks 
to this high temperature, each square meter of the Sun’s surface 
emits a tremendous amount of radiation, principally at visible wave¬ 
lengths. Indeed, the Sun is the only object in the solar system that 
emits substantial amounts of visible light. The light that we see from 
the Moon and planets is actually sunlight that struck those worlds 
and was reflected toward Earth. 

The Sun’s size also helps us explain its tremendous energy out¬ 
put. Because the Sun is so large, the total number of square meters 
of radiating surface—that is, its surface area—is immense. Hence, 
the total amount of energy emitted by the Sun each second, called 
its luminosity, is very large indeed: about 3.9 X 10 26 watts, or 3.9 
X 10 26 joules of energy emitted every second. Astronomers denote 
the Sun’s luminosity by the symbol L Q . A circle with a dot in the 
center is the astronomical symbol for the Sun and was also used by 
ancient astrologers. 

( ConceptCheck 9-1 ) If the Sun emits light at nearly all possible 
wavelengths, which range of wavelengths is emitted with the most 
intensity? 

Answer appears at the end of the chapter. 

The Source of the Sun's Energy 

What makes the Sun shine so brightly? Albert Einstein discovered 
the underlying key to the energy source within stars in 1905. Ac¬ 
cording to his special theory of relativity, a quantity m of mass can 


in principle be converted into an amount of energy E according to 
a now-famous equation: 

Einstein’s mass-energy equation 

E = me 2 

E = amount of energy into which the mass can be converted, in 
joules 

m = quantity of mass, in kg 
c = speed of light = 3 x 10 8 m/s 

The speed of light c is a large number, so c 2 is huge. Therefore, 
a small amount of matter can release an awesome amount of 
energy. 

Einstein didn’t fully appreciate at the time how tremendously 
his ideas would impact astronomy; it turns out that the tempera¬ 
tures and pressures deep within the core of the Sun are so intense 
that hydrogen nuclei can combine to produce helium nuclei in a 
nuclear reaction that transforms a tiny amount of mass into a large 
amount of energy. This process of converting hydrogen into helium 
is called thermonuclear fusion. (It is also sometimes called thermo¬ 
nuclear burning, even though nothing is actually burned in the 
conventional sense. Ordinary burning involves chemical reactions 
that rearrange the outer electrons of atoms but have no effect on 
the atoms’ nuclei.) Thermonuclear fusion can take place only at 
extremely high temperatures. The reason is that all atomic nuclei 
have a positive electric charge and so tend to repel one another. But 
in the extreme heat and pressure at the Sun’s center, positively 
charged hydrogen nuclei are moving so fast that they can overcome 
their electric repulsion and actually touch one another and combine. 
On Earth, the same thermonuclear fusion provides the devastating 
energy released in a hydrogen bomb. 

ANALOGY You can think of protons as tiny electrically charged 
spheres that are coated with a very powerful glue. If the spheres are 
not touching, the repulsion between their charges pushes them 
apart. But if the spheres are forced into contact, the strength of the 
glue “fuses” them together. 

CAUTION Be careful not to confuse thermonuclear fusion with the 
similar-sounding process of nuclear fission. In nuclear fusion, energy 
is released by joining together nuclei of lightweight atoms such as 
hydrogen. In nuclear fission, by contrast, the nuclei of very massive 
atoms such as uranium or plutonium release energy by fragmenting 
into smaller nuclei. Nuclear power plants produce energy using 
fission, not fusion. (Generating power using fusion has been a goal 
of researchers for decades, but no one has yet devised a commer¬ 
cially viable way to do this.) 

( ConceptCheck 9-2 ) If hydrogen nuclei are positively charged, 
under what conditions can two hydrogen nuclei overcome electrical 
charge repulsion and combine into helium nuclei, thus releasing energy 
according to Einstein’s equation, E = me 2 ? 

C alClllationCheck 9-1 ) How much energy is released when just 5 
kg of mass is converted into energy? 

Answers appear at the end of the chapter. 
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Converting Hydrogen to Helium 

Without its single electron, the nucleus of a hydrogen atom (H) is 
the same thing as a single proton. In much the same way, a helium 
atom (He) nuclei, in the absence of its two electrons, consists of two 
protons and two neutrons. When they combine, with a concurrent 
release of energy, we can write the nuclear reaction as: 

4H^ He + energy 

In several separate reactions, two of the four protons are 
changed into neutrons, and eventually combine with the remaining 
protons to produce a helium nucleus. This sequence of reactions 
is called the proton-proton chain (see Cosmic Connections: The 
Proton-Proton Chain). Each time this process takes place, a small 
fraction (0.7%) of the combined mass of the hydrogen nuclei does 
not show up in the mass of the helium nucleus. This “lost” mass is 
converted into energy. 

CAUTION You may have heard the idea that mass is always con¬ 
served (that is, it is neither created nor destroyed), or that energy is 
always conserved in a reaction. Einstein’s ideas show that neither 
of these statements is quite correct, because mass can be converted 
into energy and vice versa. A more accurate statement is that the 
total amount of mass plus energy is conserved. Hence, the destruc¬ 
tion of mass in the Sun does not violate any laws of nature. 

For every four hydrogen nuclei converted into a helium nucleus, 
4.3 X 10 -12 joules of energy is released. This may seem like only a 
tiny amount of energy, but it is about 10 7 times larger than the 
amount of energy released in a typical chemical reaction, such as 
occurs in ordinary burning. To produce the Sun’s luminosity of 3.9 
X 10 26 joules per second, 6 X 10 11 kg (600 million metric tons) of 
hydrogen must be converted into helium each second. This rate is 
prodigious, but there is literally an astronomical amount of hydro¬ 
gen in the Sun. In particular, the Sun’s core contains enough hydro¬ 
gen to have been giving off energy at the present rate for as long as 
the solar system has existed, about 4.56 billion years, and to con¬ 
tinue doing so for more than 6 billion years into the future. 

(ConceptCheck 9-3 ) If 1 kg of hydrogen combines to form helium 
in the proton-proton chain, why is only 0.007 kg (0.7%) available to be 
converted into energy? 

( ConceptCheck 9-4 ) How do astronomers estimate that our Sun 
has a lifetime of about 10 billion years? 

Answers appear at the end of the chapter. 

fjfM i Energy slowly moves outward from 
the solar interior through several processes 

While thermonuclear fusion is the source of the Sun’s 
H energy, this process cannot take place everywhere 

within the Sun. Extremely high temperatures—in excess 
of 10 7 K—are required for atomic nuclei to fuse together to form 


larger nuclei. The temperature of the 
Sun’s visible surface, about 5800 K, is far 
too low for these reactions to occur there. 

Hence, fusion of atoms releasing energy 
can be taking place only within the Sun’s 
interior. But precisely where does it take 
place? And how does the energy pro¬ 
duced by fusion make its way to the sur¬ 
face, where it is emitted into space in the form of photons? 

To answer these questions, we must understand conditions 
in the Sun’s interior. Ideally, we would send an exploratory space¬ 
craft to probe deep into the Sun; in practice, the Sun’s intense heat 
would vaporize even the sturdiest spacecraft. Instead, astrono¬ 
mers use the laws of physics to construct a theoretical model of 
the Sun. 

Hydrostatic and Thermal Equilibrium 

Note first that the Sun is neither growing or shrinking, nor is it 
quickly becoming either hotter or cooler. To understand the nature 
of this stability, imagine a slab of material in the solar interior 
(Figure 9-1 a). In equilibrium, the slab on average will move neither 
up nor down. (In fact, there are upward and downward motions of 
material inside the Sun, but these motions average out in the long 
run.) Equilibrium is maintained by a balance among three forces 
that act on this slab: 

1. The downward pressure of the layers of solar material above 
the slab. 

2. The upward pressure generated by hot gases beneath the slab. 

3. The slab’s weight—that is, the downward gravitational pull it 
feels from the rest of the Sun. 

The pressure from below must balance both the slab’s weight 
and the pressure from above. Hence, the pressure below the slab 
must be greater than that above the slab. In other words, pressure 
has to increase with increasing depth. For the same reason, pressure 
increases as you dive deeper into the ocean (Figure 9-1 b) or as you 
move toward lower altitudes in our atmosphere. 

In much the same way, we can make inferences about the slab’s 
density. If it is too dense, its weight will be too great and it will sink; 
if the density is too low, the slab will rise. To prevent this, the density 
of solar material must have a certain value at each depth within the 
solar interior. (The same principle applies to objects that float be¬ 
neath the surface of the ocean. Scuba divers wear weight belts to 
increase their average density so that they will neither rise nor sink 
but will stay submerged at the same level.) Astronomers refer to 
this equilibrium state of a star, such as the Sun, as being in hydro¬ 
static equilibrium. 

Another consideration is that the Sun’s interior is so hot that 
it is completely gaseous. Gases compress and become more dense 
when you apply greater pressure to them, so density must increase 
along with pressure as you go to greater depths within the Sun. 
Furthermore, when you compress a gas, its temperature tends to 
rise, so the temperature must also increase as you move toward the 
Sun’s center. 

While the temperature in the solar interior is different at dif¬ 
ferent depths, the temperature at each depth remains constant in 


Kelvin temperature scale is 
covered in Box 2-1. 


Photons are introduced in 
Section 2-2. 
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I Pressure from gases 
I above the slab 

▼ 

I material 


Weight of the slab 



Pressure from gases 
below the slab 


(a) Material inside the Sun is in hydrostatic equilibrium, so forces balance 

Figure 9-1 

Hydrostatic Equilibrium (a) Material in the Suns interior tends to move neither up nor 
down. The upward forces on a slab of solar material (due to pressure of gases below the 
slab) must balance the downward forces (due to the slab’s weight and the pressure of gases 



Pressure from water 
above the fish 


Weight of the fish 


Pressure from water 
beneath the fish 


(b) A fish floating in water is in hydrostatic equilibrium, so forces balance 


above the slab). Hence, the pressure must increase with increasing depth, (b) The same 
principle applies to a fish floating in water. In equilibrium, the forces balance and the fish 
neither rises nor sinks. (Ken Usami/PhotoDisc) 


time. All the energy generated by thermonuclear reactions in the 
Sun’s core must be transported to the Sun’s glowing surface, where 
it can be radiated into space. If too much energy flowed from the 
core to the surface to be radiated away, the Sun’s interior would 
cool down; the Sun’s interior would heat up if too little energy 
flowed to the surface. This principle describing the Sun is called 
thermal equilibrium. 

ConceptCheck 9-5 ) If our Sun were much less massive and only 
one-half the diameter, how would the pressure at the Sun’s center be 
different from what it actually is? 

(ConceptCheck 9-6 If our Sun were not in thermal 
equilibrium and too little energy successfully made it to the surface, 
how would the Sun’s core be different? 

Answers appear at the end of the chapter. 

Transporting Energy Outward 
from the Sun's Core 

But exactly how is energy transported from the Sun’s center to its 
surface? There are three methods of energy transport: conduction, 
convection, and radiative diffusion. Only the last two are important 
inside the Sun. 

If you heat one end of a metal bar with a blowtorch, energy 
flows to the other end of the bar so that it too becomes warm. The 
efficiency of this method of energy transport, called conduction, 
varies significantly from one substance to another. For example, 
copper is a good conductor of heat, but wood is not (which is why 
copper pots often have wooden handles). Conduction is not an ef¬ 
ficient means of energy transport in substances with low average 
densities, including the gases inside stars like the Sun. 


Inside stars like our Sun, energy moves from center to surface 
by two other means: convection and radiative diffusion. Convection 
is the circulation of fluids—gases or liquids—between hot and cool 
regions. Hot gases rise toward a star’s surface, while cool gases sink 
back down toward the star’s center. This physical movement of 
gases transports heat energy outward in a star, just as the physical 
movement of water boiling in a pot transports energy from the 
bottom of the pot (where the heat is applied) to the cooler water at 
the surface (see Figure 5-11). 

In radiative diffusion, photons emitted from the thermonuclear 
inferno at a star’s center diffuse outward toward the star’s surface. 
Individual photons are absorbed and reemitted by atoms and elec¬ 
trons inside the star. The overall result is an outward migration from 
the hot core, where photons are constantly created, toward the 
cooler surface, where they escape into space. 

( ConceptCheck 9-7 ) Why is the energy transport process of 
conduction relatively unimportant when studying how energy moves 
toward the Sun’s surface? 

Answer appears at the end of the chapter. 

Modeling the Sun 

To construct a model of a star like the Sun, astrophysicists express 
the ideas of hydrostatic equilibrium, thermal equilibrium, and en¬ 
ergy transport as a set of equations. To ensure that the model applies 
to the particular star under study, they also make use of astronomi¬ 
cal observations of the star’s surface. (For example, to construct a 
model of the Sun, they use the data that the Sun’s surface tempera¬ 
ture is 5800 K, its luminosity is 3.9 X 10 26 W, and the gas pressure 
and density at the surface are almost zero.) The astrophysicists then 
use a computer to solve their set of equations and calculate 













COSMIC CONNECTIONS 


^ 

The Proton-Proton Chain 


The most common form of hydrogen fusion in the Sun involves three 
steps, each of which releases energy. 

Hydrogen fusion in the Sun usually takes 
place in a sequence of steps called the 
proton-proton chain. Each of these steps 
releases energy that heats the Sun and 
gives it its luminosity. 


STEP 1 


(a) Two protons 
(hydrogen nuclei, 
1 H) collide. 


(b) One of the protons changes into a neutron 
(shown in blue). The proton and neutron 
form a hydrogen isotope ( 2 H). 

9 

3 H 



(c) One by-product of converting a 
; proton to a neutron is a neutral, 

'' nearly massless neutrino (v). 

This escapes from the Sun. 

(d) The other by-product of converting a proton to a neutron is a 
positively charged electron, or positron (e + ). This encounters 
an ordinary electron (e _ ), annihilating both particles and 
converting them into gamma-ray photons (y). The energy of 
these photons goes into sustaining the Sun’s internal heat. 


STEP 2 


(a) The 2 H nucleus 


produced in Step 

\ 2 H 

1 collides with a 


third proton ( 3 H). 

9 

3 H 


(b) The result of the collision is a helium isotope 
( 3 He) with two protons and one neutron. 



/x/x/x/x/^ 
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(c) This nuclear reaction releases another gamma-ray photon 
(y). Its energy also goes into sustaining the internal heat of 
the Sun. 


STEP 3 


(b) Two protons and two neutrons from the two (c) The two remaining protons are 


(a) The 3 He nucleus 
produced in Step 2 
collides with 
another 3 He nucleus 
produced from 
three other protons. 


3 He nuclei rearrange themselves into a 
different helium isotope ( 4 He). 



released. The energy of their motion 
contributes to the Sun’s internal heat. 


(d) Six 3 H nuclei went into producing the two 3 He nuclei, 
which combine to make one 4 He nucleus. Since two of the 
original 3 H nuclei are returned to their original state, we 
can summarize the three steps as: 


4 3 H - 


4 He + energy 


Hydrogen fusion also takes place in all of 
the stars visible to the naked eye. (Fusion 
follows a different sequence of steps in 
the most massive stars, but the net result 
is the same.) 



(Courtesy of Wally Pacholka) 
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TABLE 9-1 

A Theoretical Model of the Sun 

Distance 
from the 

Sun’s center 
(solar radii) 

Fraction of 
luminosity 

Fraction 
of mass 

Temperature 
(x 10 6 K) 

Density 

(kg/m 3 ) 

Pressure 
relative to 
pressure 

at center 

0.0 

0.00 

0.00 

15.5 

160000 

1 

0.1 

0.42 

0.07 

13.0 

90000 

0.46 

0.2 

0.94 

0.35 

9.5 

40000 

0.15 

0.3 

1.00 

0.64 

6.7 

13000 

0.04 

0.4 

1.00 

0.85 

4.8 

4000 

0.007 

0.5 

1.00 

0.94 

3.4 

1000 

0.001 

0.6 

1.00 

0.98 

2.2 

400 

0.0003 

0.7 

1.00 

0.99 

1.2 

80 

4 X 10 -5 

0.8 

1.00 

1.00 

0.7 

20 

4 X 10“ 6 

0.9 

1.00 

1.00 

0.3 

2 

3 X 10“ 7 

1.0 

1.00 

1.00 

0.006 

0.00030 

4 X 10“ 13 


conditions layer by layer in toward the star’s center. The result is a 
model of how temperature, pressure, and density increase with in¬ 
creasing depth below the star’s surface. 

Table 9-1 and Figure 9-2 show a theoretical model of the Sun 
that was calculated in just this way. Different models of the Sun use 
slightly different assumptions, but all models give essentially the 
same results as those shown here. From such computer models we 
have learned that at the Sun’s center the density is 160,000 kg/m 3 
(14 times the density of lead!), the temperature is 1.55 X 10 7 K, and 



percentage of the Sun’s total luminosity is produced within each distance from 
the center (upper left), what percentage of the total mass lies within each distance 


the pressure is 3.4 X 10 11 atm. (One atmosphere, or 1 atm, is the 
average atmospheric pressure at sea level on Earth.) 

Table 9-1 and Figure 9-2 show that the solar luminosity rises to 
100% at about one-quarter of the way from the Sun’s center to its 
surface. In other words, the Sun’s energy production occurs within a 
volume that extends out only to 0.25 R Q . (The symbol R Q denotes 
the solar radius, or radius of the Sun as a whole, equal to 696,000 
km.) Outside 0.25 R Q , the density and temperature are too low for 
thermonuclear reactions to take place. Also note that 94% of the 



from the center (lower left), the temperature at each distance (upper right), and the 
density at each distance (lower right). (See Table 9-1 for a numerical version of this 
model.) 
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total mass of the Sun is found within the inner 0.5 R Q . Hence, the 
outer 0.5 R Q contains only a relatively small amount of material. 

How energy flows from the Sun’s center toward its surface 
depends on how easily photons move through the gas. If the solar 
gases are comparatively transparent, photons can travel moderate 
distances before being scattered or absorbed, and energy is thus 
transported by radiative diffusion. If the gases are comparatively 
opaque, photons cannot get through the gas easily and heat builds 
up. Convection then becomes the most efficient means of energy 
transport. The gases start to churn, with hot gas moving upward 
and cooler gas sinking downward. 

From the center of the Sun out to about 0.71 R Q , energy is 
transported by radiative diffusion. Hence, this region is called the ra¬ 
diative zone. Beyond about 0.71 R Q , the temperature is low enough 
(a mere 2 X 10 6 K or so) for electrons and hydrogen nuclei to join 
into hydrogen atoms. These atoms are very effective at absorbing 
photons, much more so than at absorbing free electrons or nuclei, 
and this absorption chokes off the outward flow of photons. There¬ 
fore, beyond about 0.71 R Q , radiative diffusion is not an effective 
way to transport energy. Instead, convection dominates the energy 
flow in this outer region, which is why it is called the convective 
zone. Figure 9-3 shows these aspects of the Sun’s internal structure. 

Although energy travels through the radiative zone in the form 
of photons, the photons have a difficult time of it. As Table 9-1 
shows, the material in this zone is extremely dense, so photons from 
the Sun’s core take a long time to diffuse through the radiative zone. 
As a result, it takes approximately 170,000 years for energy created 
at the Sun’s center to travel 696,000 km to the solar surface and 
finally escape as sunlight. The energy flows outward at an average 
rate of 50 centimeters per hour, or about 20 times slower than a 
snail’s pace. 


Once the energy escapes from the Sun, it travels much faster— 
at the speed of light. Thus, solar energy that reaches you today took 
only 8 minutes to travel the 150 million kilometers from the Sun’s 
surface to the Earth. But this energy was actually produced by ther¬ 
monuclear reactions that took place in the Sun’s core hundreds of 
thousands of years ago. 

( ConceptCheck 9-8 ) Which of the following decreases when we 
move from the Sun’s central core outward: temperature, mass, or 
luminosity? 

t CalCUlationCheck 9-2 ) By what percentage does the Sun’s 
temperature drop from its central core temperature moving out to a 
distance of one-half its radius? 

Answers appear at the end of the chapter. 

Probing the Sun's Interior 

If the Sun’s interior is not visible from the surface, how might you 
go about figuring out what is inside? For that matter, how might 
you determine if a melon is ripe at your local grocery store without 
cutting it open? Vibrations are a useful tool for examining the hid¬ 
den interiors of all kinds of objects. Much like food shoppers who 
tap melons to listen for particular vibrations and much like geolo¬ 
gists who determine the structure of the Earth’s interior by using 
seismographs to record vibrations during earthquakes, one power¬ 
ful technique to infer what is going on beneath the Sun’s surface 
involves measuring vibrations of the Sun as a whole. This field of 
solar research is called helioseismology. 

The Sun oscillates in millions of ways as a result of waves reso¬ 
nating in its interior. Figure 9-4 is a computer-generated illustration 



Figure 9-3 

The Sun’s Internal Structure Thermonuclear reactions occur in the Sun’s core, which 
extends out to a distance of 0.25 R Q from the center. Energy is transported outward, via 
radiative diffusion, to a distance of about 0.71 R Q . In the outer layers between 0.71 R Q and 
1.00 R Q , energy flows outward by convection. 



Figure 9-4 

A Sound Wave Resonating in the Sun This computer-generated image shows one of the 
millions of ways in which the Suns interior vibrates. The regions that are moving outward are 
colored blue; those moving inward, red. As the cutaway shows, these oscillations are thought 
to extend into the Suns radiative zone (compare Figure 9-3). (National Solar Observatory) 
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of one such mode of vibration. Helioseismologists can deduce in¬ 
formation about the solar interior from measurements of these os¬ 
cillations. For example, they have been able to set limits on the 
amount of helium in the Sun’s core and convective zone and to 
determine the thickness of the transition region between the radia¬ 
tive zone and convective zone. They have also found that the con¬ 
vective zone is thicker than previously thought. 

Another approach is to carefully measure everything that comes 
out of the Sun and then determine how it must have been formed. 
As part of the process of thermonuclear fusion, protons change into 
neutrons and release particles called neutrinos. Like photons, neu¬ 
trinos are particles that have no electric charge. Unlike photons, 
however, neutrinos interact only very weakly with matter. Even the 
vast bulk of the Sun offers little impediment to their passage, so 
neutrinos must be streaming out of the core and into space. Indeed, 
the conversion of hydrogen into helium at the Sun’s center produces 
10 38 neutrinos each second. Every second, about 10 14 neutrinos 
created within the Sun must pass through each square meter of the 
Earth. The challenge is that neutrinos are exceedingly difficult to 
detect. Just as neutrinos pass unimpeded through the Sun, they also 
pass through the Earth almost as if it were not there. When we are 
careful about how we capture them, we are able to confirm that the 
Sun’s energy is indeed caused by thermonuclear reactions just like 
our computer models tell us they should. 

("ConceptCheck 9-9 ) What can be determined from carefully 
monitoring the Sun’s vibrations? 

Answer appears at the end of the chapter. 

(jjM > The Sun's outer layers are the 
photosphere, chromosphere, and corona 

Although the Sun’s core is hidden from our direct view, we can easily 
see sunlight coming from the high-temperature gases that make up 
the Sun’s atmosphere. These outermost layers of the Sun prove to 
be the sites of truly dramatic activity, much of which has a direct 
impact on our planet. By studying these layers, we gain further 
insight into the character of the Sun as a whole. 

Observing the Photosphere 

A visible-light photograph like Figure 9-5 makes it appear that the 
Sun has a definite surface. This is actually an illusion; the Sun is 
gaseous throughout its volume because of its high internal tempera¬ 
ture, and the gases simply become less and less dense as you move 
farther away from the Sun’s center. 

Why, then, does the Sun appear to have a sharp, well-defined 
surface? The reason is that essentially all of the Sun’s visible light 
emanates from a single, thin layer of gas called the photosphere 
(“sphere of light”). Just as you can see only a certain distance 
through the Earth’s atmosphere before objects vanish in the haze, 
we can see only about 400 km into the photosphere. This distance 
is so small compared with the Sun’s radius of 696,000 km that the 
photosphere appears to be a definite surface. Astronomers usually 



Figure 9-5 RIVUXG 

The Photosphere The photosphere is the layer in the solar atmosphere from which the 
Sun’s visible light is emitted. Note that the Sun appears darker around its limb, or edge; 
here we are seeing the upper photosphere, which is relatively cool and thus glows less 
brightly. (The dark sunspots, which we discuss in Section 9-4, are also relatively cool 
regions.) (Celestron International) 

define everything beneath the photosphere as the Sun’s interior and 
everything above the photosphere as the Sun’s atmosphere. 

Although the photosphere is a very active place, it actually con¬ 
tains relatively little material. It has a density of only about 10“ 4 kg/ 
m 3 , roughly 0.01% the density of the Earth’s atmosphere at sea level. 
The photosphere is made primarily of hydrogen and helium, the 
most abundant elements in the solar system. Despite being such a 
thin gas, the photosphere is surprisingly opaque to visible light. If it 
were not so opaque, we could see into the Sun’s interior to a depth 
of hundreds of thousands of kilometers, instead of a mere 400 km. 

We can learn still more about the photosphere by examining it 
with a telescope—but only when using special dark filters to prevent 
eye damage. Looking directly at the Sun without the correct filter, 
whether with the naked eye or with a telescope, can cause perma¬ 
nent blindness ! Under good observing conditions, astronomers 
using such filter-equipped telescopes can often see a blotchy pattern 
in the photosphere (Figure 9-6). Each light-colored granule mea¬ 
sures about 1000 km (600 mi) across—equal in size to the areas of 
Texas and Oklahoma combined—and is surrounded by a darkish 
boundary. The difference in brightness between the center and the 
edge of a granule corresponds to a temperature drop of about 300 K. 

This granulation appearance is caused by convection of the gas 
in the photosphere. The inset in Figure 9-6 shows how gas from 
lower levels rises upward in granules, cools off, spills over the edges 
of the granules, and then plunges back down into the Sun. This can 
occur only if the gas is heated from below, like a pot of water being 
heated on a stove. Granules form, disappear, and reform in cycles 
lasting only a few minutes. At any one time, about 4 million gran¬ 
ules cover the solar surface. 

Superimposed on the pattern of granulation are even larger 
cells, or supergranules, that are about 35,000 km in diameter, large 
enough to enclose several hundred granules (Figure 9-7). This large- 
scale convection moves at only about 0.4 km/s (1400 km/h, or 900 
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Figure 9-6 RIVUXG 

Solar Granulation High-resolution photographs of the Sun’s 
surface reveal a blotchy pattern called granulation. Granules are convection cells about 
1000 km (600 mi) wide in the Suns photosphere. The inset shows how rising hot gas 
produces bright granules. Cooler gas sinks downward along the boundaries between 
granules; this gas glows less brightly, giving the boundaries their dark appearance. 

This convective motion transports heat from the Sun’s interior outward to the solar 
atmosphere. (MSFC/NASA; inset: Goran Scharmer, Lund Observatory) 


mi/h), about one-tenth the speed of gases churning in a granule, that 
can last about a day. 

ANALOGY Similar patterns of large-scale and small-scale convection 
can be found in the Earth’s atmosphere. On the large scale, air rises 
gradually at a low-pressure area, then sinks gradually at a high- 
pressure area, which might be hundreds of kilometers away. Thun¬ 
derstorms in our atmosphere are small but intense convection cells 
within which air moves rapidly up and down. Like granules, they 
last only a relatively short time before they dissipate. 

( ConceptCheck 9-10 ) What causes the photosphere to bubble 
like water boiling on the stove? 

Answer appears at the end of the chapter. 

The Sun's Chromosphere 

An ordinary visible-light image such as Figure 9-5 gives the impres¬ 
sion that the Sun ends at the top of the photosphere. But during a 
total solar eclipse, the Moon blocks the photosphere from our view, 
revealing a glowing, pinkish layer of gas above the photosphere 
(Figure 9-8). This is the tenuous chromosphere (“sphere of color”), 
the second of the three major levels in the Sun’s atmosphere. The 
chromosphere is only about one ten-thousandth (10“ 4 ) as dense as 
the photosphere, or about 10“ 8 as dense as our own atmosphere. 
No wonder it is normally invisible! 

Unlike the photosphere, which has an absorption line spectrum, 
the chromosphere has a spectrum dominated by emission lines. One 
of the strongest emission lines in the chromosphere’s spectrum is 
the H a line at 656.3 nm, which is emitted by a hydrogen atom when 



Figure 9-7 RIVUXG 

Supergranules and Large-Scale Convection Supergranules display relatively little 
contrast between their center and edges, so they are hard to observe in ordinary images. 
But they can be seen in a false-color Doppler image like this one. Light from gas that is 
approaching us (that is, rising) is shifted toward shorter wavelengths, while light from 
receding gas (that is, descending) is shifted toward longer wavelengths (see Section 2-5). 
(David Hathaway, MSFC/NASA) 
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Chromosphere 


Figure 9-8 RIVUXG 

The Chromosphere During a total solar eclipse, the Suns glowing chromosphere can 
be seen around the edge of the Moon. It appears pinkish because its hot gases emit light 
at only certain discrete wavelengths, principally the H a emission of hydrogen at a red 
wavelength of 656.3 nm. The expanded area above shows spicules, jets of chromospheric 
gas that surge upward into the Sun’s outer atmosphere. (NOAO) 

its single electron falls from the n = 3 level to the n = 2 level. This 
wavelength is in the red part of the spectrum, which gives the chro¬ 
mosphere its characteristic pinkish color. The spectrum also con¬ 
tains emission lines of ionized helium. In fact, helium was originally 
discovered in the chromospheric spectrum in 1868, almost 30 years 
before helium gas was first isolated on Earth. 

What might be most surprising about the chromosphere is that 
the temperature increases with increasing height in the chromo¬ 
sphere. This is just the opposite of the situation in the photosphere, 
where temperature decreases with increasing height. This is very 
surprising, since temperatures should decrease as you move away 
from the Sun’s interior. In fact, though, the temperature is about 
4400 K at the top of the photosphere; 2000 km higher, at the top 
of the chromosphere, the temperature is nearly 25,000 K. 

The top photograph in Figure 9-8 is a high-resolution image 
of the Sun’s chromosphere taken through an H a filter. This image 
shows numerous vertical spikes, which are actually jets of rising gas 
called spicules. A typical spicule lasts just 15 minutes or so: It rises 
at the rate of about 20 km/s (72,000 km/h, or 45,000 mi/h), can 
reach a height of several thousand kilometers, and then collapses 
and fades away (Figure 9-9). Approximately 300,000 spicules exist 
at any one time, covering about 1% of the Sun’s surface. 

Spicules are generally located directly above the edges of gran¬ 
ules groups. This is a surprising result, because chromospheric gases 
are rising in a spicule while photospheric gases are descending at 
the edge of granule groups. What, then, is pulling gases upward to 
form spicules? The answer proves to be the Sun’s intense magnetic 
field, discussed in Sections 9-4 and 9-5. 



§j^ t Figure 9-9 

The Solar Atmosphere This schematic diagram shows the three layers of the 
solar atmosphere. The lowest, the photosphere, is about 400 km thick. The chromosphere 
extends about 2000 km higher, with spicules jutting up to nearly 10,000 km above the 
photosphere. Above a transition region is the Sun’s outermost layer, the corona, which we 
discuss in Section 9-3. It extends many millions of kilometers out into space. (Adapted 
from J. A. Eddy) 


(ConceptCheck 9-11 ) How tall are spicules in the Sun’s 
chromosphere: the height of tall buildings, the distance between large 
nearby cities, or the distance across the entire United States? 

Answer appears at the end of the chapter. 

The Corona 

The corona, or outermost region of the Sun’s atmosphere, begins at 
the top of the chromosphere. It extends out to a distance of several 
million kilometers. Despite its tremendous extent, the corona is only 
about one-millionth (10“ 6 ) as bright as the photosphere—no 
brighter than the full moon. Hence, the corona can be viewed only 
when the light from the photosphere is blocked out, either by use 
of a specially designed telescope or during a total eclipse. 

Figure 9-10 is an exceptionally detailed photograph of the 
Sun’s corona taken during a solar eclipse. It shows that the corona 
is not merely a spherical shell of gas surrounding the Sun. Rather, 
numerous streamers extend in different directions far above the 
solar surface. The shapes of these streamers vary on time scales 
of days or weeks. The temperatures in the corona are enormous 
considering how far it is from the Sun’s core—temperatures can 
reach 2 million Kelvins (2 X 10 6 K) or even higher—far greater 
than the temperatures in the chromosphere. Figure 9-11 shows how 
temperature in both the chromosphere and corona varies with 
altitude. 
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Figure 9-10 RIVUXG 

The Solar Corona This striking photograph of the corona was taken during the total solar 
eclipse of July 11,1991. Numerous streamers extend for millions of kilometers above the 
solar surface. The unearthly light of the corona is one of the most extraordinary aspects of 
experiencing a solar eclipse. (Courtesy of R. Christen and M. Christen, Astro-Physics, Inc.) 


In this narrow transition region between 
the chromosphere and corona, the temperature 
rises abruptly by about a factor of 100. 



Height above photosphere (km)-► 


Figure 9-11 

Temperatures in the Sun’s Upper Atmosphere This graph shows how temperature varies 
with altitude in the Sun’s chromosphere and corona and in the narrow transition region 
between them. In order to show a large range of values, both the vertical and horizontal 
scales are nonlinear. (Adapted from A. Gabriel) 


CAUTION The corona is actually not very “hot”—that is, it contains 
very little thermal energy. The reason is that the corona is nearly a 
vacuum. In the corona there are only about 10 11 atoms per cubic 
meter, compared with about 10 23 atoms per cubic meter in the Sun’s 
photosphere and about 10 25 atoms per cubic meter in the air that 
we breathe. Because of the corona’s high temperature, the atoms 
there are moving at very high speeds. But because there are so few 
atoms in the corona, the total amount of energy in these moving 
atoms (a measure of how “hot” the gas is) is rather low. If you flew 
a spaceship into the corona, you would have to worry about be¬ 
coming overheated by the intense light coming from the photo¬ 
sphere, but you would notice hardly any heating from the corona’s 
ultrathin gas. 

ANALOGY The situation in the corona is similar to that inside a 
conventional oven that is being used for baking. Both the walls of 
the oven and the air inside the oven are at the same high tempera¬ 
ture, but the air contains very few atoms and thus carries little en¬ 
ergy. If you put your hand in the oven momentarily, the lion’s share 
of the heat you feel is radiation from the oven walls. 

The low density of the corona explains why it is so dim com¬ 
pared with the photosphere. In general, the higher the temperature 
of a gas, the brighter it glows. But because there are so few atoms 
in the corona, the net amount of light that it emits is very feeble 
compared with the light from the much cooler, but also much denser, 
photosphere. 

C ConceptCheck 9-12 ) Why is the corona so difficult to see if it is 
so much hotter than the photosphere? 

Answer appears at the end of the chapter. 

The Solar Wind and Coronal Holes 

The Earth’s gravity keeps our atmosphere from escaping into space. 
In the same way, the Sun’s powerful gravitational attraction keeps 
most of the gases of the photosphere, chromosphere, and corona 
from escaping. But the corona’s high temperature means that its 
atoms and ions are moving at very high speeds, around a million 
kilometers per hour. As a result, some of the coronal gas can and 
does escape. This outflow of gas, is called the solar wind. 

Each second the Sun ejects about a million tons (10 9 kg) of 
material into the solar wind. But the Sun is so massive that, even 
over its entire lifetime, it will eject only a few tenths of a percent of 
its total mass. The solar wind is composed almost entirely of elec¬ 
trons and nuclei of hydrogen and helium. About 0.1% of the solar 
wind is made up of ions of more massive atoms, such as silicon, 
sulfur, calcium, chromium, nickel, iron, and argon. The aurorae 
seen at far northern or southern latitudes on Earth are produced 
when electrons and ions from the solar wind enter our upper 
atmosphere. 

Figure 9-12 reveals that the corona is not uniform in tempera¬ 
ture or density. The densest, highest-temperature regions appear 
bright, while the thinner, lower-temperature regions are dark. Note 
the large dark area, called a coronal hole because it is almost 
devoid of luminous gas. Particles streaming away from the Sun 
can most easily flow outward through these particularly thin 
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Figure 9-12 RIVUXG 

The Ultraviolet Corona The SOHO spacecraft recorded this false-color 
ultraviolet view of the solar corona. The dark feature running across the Sun’s disk 
from the bottom is a coronal hole, a region where the coronal gases are thinner than 
elsewhere. Such holes are often the source of strong gusts in the solar wind. 
(SOHO/EIT/ESA/NASA) 


regions. Therefore, it is thought that coronal holes are the main 
corridors through which particles of the solar wind escape from 
the Sun. 

The temperatures in the corona and the chromosphere are not 
at all what we would expect. Just as you feel warm if you stand 
close to a campfire but cold if you move away, we would expect 
that the temperature in the corona and chromosphere would de¬ 
crease with increasing altitude and, hence, increasing distance from 
the warmth of the Sun’s photosphere. Why, then, does the tempera¬ 
ture in these regions increase with increasing altitude? This has 
been one of the major unsolved mysteries in astronomy for the past 
half-century. As astronomers have tried to resolve this dilemma, 
they have found important clues in one of the Sun’s most familiar 
features—sunspots. 


be aspects of the quiet Sun. But, as it turns out, other, more dramatic 
features appear periodically, including massive eruptions and re¬ 
gions of concentrated magnetic fields. When these are present, as¬ 
tronomers refer to the active Sun. The features of the active Sun that 
can most easily be seen with even a small telescope (although only 
with an appropriate filter attached) are sunspots. 

Observing Sunspots 

Sunspots are irregularly shaped dark regions in the photosphere. 
Sometimes sunspots appear in isolation (Figure 9-13 a), but fre¬ 
quently they are found in sunspot groups (Figure 9-13 b; see also 
Figure 9-5). Although sunspots vary greatly in size, typical ones 
measure a few tens of thousands of kilometers across—comparable 
to the diameter of the Earth. Sunspots are not permanent features 
of the photosphere but last between a few hours and a few months. 

Each sunspot has a dark central core, called the umbra, and a 
brighter border called the penumbra. A sunspot is a region in the 
photosphere where the temperature is relatively low, which makes 
it appear darker than its surroundings. The colors of a sunspot 
indicate that the temperature of the umbra is typically 4300 K and 
hat of the penumbra is typically 5000 K. While high by earthly 
standards, these temperatures are quite a bit lower than the average 
photospheric temperature of 5800 K. The lower temperature of 
sunspots explains why these regions appear so dark. 

Occasionally, a sunspot group is large enough to be seen with¬ 
out a telescope. Chinese astronomers recorded such sightings 2000 
years ago, and huge sunspot groups visible to the naked eye (with 
an appropriate filter) were seen in 1989 and 2003. But it was not 
until Galileo introduced the telescope into astronomy that anyone 
was able to examine sunspots in detail. Galileo discovered that he 
could determine the Sun’s rotation rate by tracking sunspots as 
they moved across the solar disk (Figure 9-14). He found that the 
Sun rotates once in about four weeks. A typical sunspot group lasts 
about two months, so a specific one can be followed for two solar 
rotations. After more careful study of sunspot movements, it was 
determined that the equatorial regions rotate more rapidly than 
the polar regions. This phenomenon is known as differential rota¬ 
tion. Thus, while a sunspot near the solar equator takes only 25 
days to go once around the Sun, a sunspot at 30° north or south 
of the equator takes 2 7Vi days. The rotation period at 75° north 
or south is about 33 days, while near the poles it may be as long 
as 35 days. 


(ConceptCheck 9-13 ) From where on the Sun does the solar 
wind seem to emanate? 

Answer appears at the end of the chapter. 


( ConceptCheck 9-14 ) If the center of a sunspot has a 
temperature of about 4300 K, why does it appear dark? 

Answer appears at the end of the chapter. 


(EK» Sunspots are low-temperature regions 

in the photosphere 



One might think that the Sun is pretty much the same, 
day in and day out. Granules, spicules, and the solar 
wind occur continuously, and these features are said to 


The Sunspot Cycle 

The average number of sunspots on the Sun is not constant, but 
varies in a predictable sunspot cycle (Figure 9-1 5a). This phenom¬ 
enon was first reported by the German astronomer Heinrich 
Schwabe in 1843 after many years of observing. As Figure 9-15 a 
shows, the average number of sunspots varies with a period of about 
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I Figure 9-13 RIVUXG 


Sunspots (a) This high-resolution photograph of the photosphere shows a 
mature sunspot. The dark center of the spot is called the umbra. It is bordered 
by the penumbra, which is less dark and has a featherlike appearance, (b) In this view 
of a typical sunspot group, several sunspots are close enough to overlap. In both 
images you can see granulation in the surrounding, undisturbed photosphere. (NOAO) 


11 years. A period of exceptionally many sunspots is a sunspot 
maximum (Figure 9-1 5b), as occurred in 1979,1989, and 2000 and 
projected to occur in 2013. Conversely, the Sun is almost devoid of 
sunspots at a sunspot minimum (Figure 9-15c), as occurred in 1976, 
1986, 1996, and 2008. 

The locations of sunspots also vary with the same 11-year sun¬ 
spot cycle. At the beginning of a cycle, just after a sunspot minimum, 



November 14 



November 19 
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Figure 9-14 RIVUXG 

Tracking the Sun’s Rotation with Sunspots This series of photographs 
taken in 1999 shows the rotation of the Sun. By observing the same group of sunspots 
from one day to the next, Galileo found that the Sun rotates once in about four weeks. 
(The equatorial regions of the Sun actually rotate somewhat faster than the polar 
regions.) Notice how the sunspot group shown here changed its shape. (The Carnegie 
Observatories) 


sunspots first appear at latitudes around 30° north and south of the 
solar equator (Figure 9-16). Over the succeeding years, the sunspots 
occur closer and closer to the equator. 

Why should the number of sunspots vary with an 11-year cycle? 
Why should their average latitude vary over the course of a cycle? 
And why should sunspots exist at all? The first step toward answer¬ 
ing these questions came in 1908, when the American astronomer 
George Ellery Hale discovered that sunspots are associated with in¬ 
tense magnetic fields on the Sun. 

When Hale focused a spectroscope on sunlight coming from a 
sunspot, he found that many spectral lines appear to be split into 
several closely spaced lines (Figure 9-17). This “splitting” of spectral 
lines is called the Zeeman effect, after the Dutch physicist Pieter 
Zeeman, who first observed it in his laboratory in 1896. Zeeman 
showed that a spectral line splits when the atoms are subjected to 
an intense magnetic field. The more intense the magnetic field, the 
wider the separation of the split lines. For more information, see 
Looking Deeper 9.1: The Zeeman Effect. 

Hale’s discovery showed that sunspots are places where the hot 
gases of the photosphere are bathed in a concentrated magnetic 
field. Many of the atoms of the Sun’s atmosphere are ionized due 
to the high temperature. The solar atmosphere is thus a special type 
of gas called a plasma, in which electrically charged ions and elec¬ 
trons can move freely. Like any moving, electrically charged object, 
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Date 



(b) Near sunspot maximum (c) Near sunspot minimum 


Figure 9-15 RIVUXG 

The Sunspot Cycle (a) The number of sunspots on the Sun 
varies with a period of about 11 years. The most recent sunspot 
maximum occurred in 2000. (b) This photograph, taken near 
sunspot maximum in 1989, shows a number of sunspots and 
large sunspot groups. The sunspot group visible near the bottom 
of the Suns disk has about the same diameter as the planet 
Jupiter, (c) Near sunspot minimum, as in this 1986 photograph, 
essentially no sunspots are visible. (NOAO) 


they can be deflected by magnetic fields. Figure 9-18 shows how a 
magnetic field in the laboratory bends a beam of fast-moving elec¬ 
trons into a curved trajectory. Similarly, the paths of moving ions 
and electrons in the photosphere are deflected by the Sun’s magnetic 
field. In particular, magnetic forces act on the hot plasma that rises 
from the Sun’s interior due to convection. Where the magnetic field 
is particularly strong, these forces push the hot plasma away. The 
result is a localized region where the gas is relatively cool and thus 
glows less brightly—in other words, a sunspot. By carefully measur¬ 
ing the magnetic fields around a sunspot group, we discover that a 
group resembles a giant bar magnet, with a north magnetic pole at 
one end and a south magnetic pole at the other. 

If different sunspot groups were unrelated to one another, 
their magnetic poles would be randomly oriented, like a bunch of 


compass needles all pointing in random directions. However, as 
Hale discovered, however, there is a striking regularity in the mag¬ 
netization of sunspot groups. As a given sunspot group moves with 
the Sun’s rotation, the sunspots in front are called the “preceding 
members” of the group. The spots that follow behind are referred 
to as the “following members.” Hale compared the sunspot groups 
in the two solar hemispheres, north or south of the Sun’s equator. 
He found that the preceding members in one solar hemisphere all 
have the same magnetic polarity, while the preceding members in 
the other hemisphere have the opposite polarity. Furthermore, in 
the hemisphere where the Sun has its north magnetic pole, the pre¬ 
ceding members of all sunspot groups have north magnetic polarity. 
In the opposite hemisphere, where the Sun has its south magnetic 
pole, the preceding members all have south magnetic polarity. 
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Figure 9-16 

Variations in the Average Latitude of Sunspots The dots in this graph (sometimes called 
a “butterfly diagram”) record how far north or south of the Sun’s equator sunspots were 
observed. At the beginning of each sunspot cycle, most sunspots are found near latitudes 


30° north or south. As the cycle goes on, sunspots typically form closer to the equator. 
(NASA Marshall Space Flight Center) 
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Within the sunspot, the 
magnetic field is strong 
and this iron absorption 
line splits into three. 


(b) The spectrum in and around the sunspot 


Outside the sunspot, the 
magnetic field is low 
and this iron absorption 


line is single 


(a) A sunspot 


Figure 9-17 RIVUXG 

Sunspots Have Strong Magnetic Fields (a) A black line in this image of a sunspot shows 
where the slit of a spectrograph was aimed, (b) This is a portion of the resulting spectrum, 
including a dark absorption line caused by iron atoms in the photosphere. The splitting of 


this line by the sunspot’s magnetic field can be used to calculate the field strength. Typical 
sunspot magnetic fields are over 5000 times stronger than the Earth’s field at its north and 
south poles. (NOAO) 



Figure 9-18 RIVUXG 

Magnetic Fields Deflect Moving, Electrically Charged Objects In this laboratory 
experiment, a beam of negatively charged electrons (shown by a blue arc) is aimed 
straight upward from the center of the apparatus. The entire apparatus is inside a large 
magnet, and the magnetic field deflects the beam into a curved path. (Courtesy of 
Central Scientific Company) 


Along with his colleague Seth B. Nicholson, Hale also discov¬ 
ered that the Sun’s polarity pattern completely reverses itself every 
11 years—the same interval as the time from one solar maximum 
to the next. The hemisphere that has preceding north magnetic 
poles during one 11-year sunspot cycle will have preceding south 
magnetic poles during the next 11-year cycle, and vice versa. The 
north and south magnetic poles of the Sun itself also reverse every 
11 years. Thus, the Sun’s magnetic pattern repeats itself only after 
two sunspot cycles, which is why astronomers speak of a 22-year 
solar cycle. 

(ConceptCheck 9-15 ) Is the sunspot cycle an 11-year cycle or a 
22-year cycle? 

Answer appears at the end of the chapter. 

The Magnetic-Dynamo Model 

In 1960, the American astronomer Horace Babcock proposed a 
description that seems to account for many features of this 22-year 
solar cycle. Babcock’s scenario, called a magnetic-dynamo model, 
makes use of two basic properties of the Sun’s photosphere— 
differential rotation and convection. Differential rotation causes the 
magnetic field in the photosphere to become wrapped around the 
Sun (Figure 9-19). As a result, the magnetic field becomes concen¬ 
trated at certain latitudes on either side of the solar equator. Con¬ 
vection in the photosphere creates tangles in the concentrated 
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Figure 9-19 

Babcock’s Magnetic-Dynamo Model Magnetic field lines tend to move along with the 
plasma in the Sun’s outer layers. Because the Sun rotates faster at the equator than near the 
poles, a field line that starts off running from the Sun’s north magnetic pole (N) to its south 

magnetic field, and “kinks” erupt through the solar surface. Sun¬ 
spots appear where the magnetic field protrudes through the pho¬ 
tosphere. The theory suggests that sunspots should appear first at 
northern and southern latitudes and later form nearer to the equa¬ 
tor. This is just what is observed (see Figure 9-16). Note also that, 
as shown on the far right in Figure 9-19, the preceding member of 
a sunspot group has the same polarity (N or S) as the Sun’s magnetic 
pole in that hemisphere. 

Differential rotation eventually undoes the twisted magnetic 
field. The preceding members of sunspot groups move toward the 
Sun’s equator, while the following members migrate toward the 
poles. Because the preceding members from the two hemispheres 
have opposite magnetic polarities, their magnetic fields cancel each 
other out when they meet at the equator. The following members 
in each hemisphere have the opposite polarity to the Sun’s pole 
in that hemisphere; hence, when they converge on the pole, the fol¬ 
lowing members first cancel out and then reverse the Sun’s overall 
magnetic field. The fields are now completely relaxed. Once again, 
differential rotation begins to twist the Sun’s magnetic field, but 
now with all magnetic polarities reversed. In this way, Babcock’s 
model helps to explain the change in field direction every 11 years. 

By comparing the speeds of sound waves that travel with and 
against the Sun’s rotation, astronomers now understand that the 
Sun’s rotation rate is different at different depths and latitudes. As 
shown in Figure 9-20, the Sun’s surface pattern of differential rota¬ 
tion persists through the convective zone. Farther in, within the 
radiative zone, the Sun seems to rotate like a rigid object with a 
period of 27 days at all latitudes. Astronomers suspect that the Sun’s 
magnetic field originates in a relatively thin layer where the radiative 


magnetic pole (S) ends up wrapped around the Sun like twine wrapped around a ball. The 
insets on the far right show how sunspot groups appear where the concentrated magnetic 
field rises through the photosphere. 



Figure 9-20 

Rotation of the Solar Interior This cutaway picture of the Sun shows how the 
solar rotation period (shown by different colors) varies with depth and latitude. The 
surface and the convective zone have differential rotation (a short period at the 
equator and longer periods near the poles). Deeper within the Sun, the radiative 
zone seems to rotate like a rigid sphere. (Courtesy of K. Libbrecht, Big Bear Solar 
Observatory) 
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and convective zones meet and slide past each other due to their 
different rotation rates. 

Adding to the yet-to-be-fully-understood nature of the Sun, 
there seem to be times when all traces of sunspots and the sunspot 
cycle vanish for many years. For example, virtually no sunspots were 
seen from 1645 through 1715. Curiously, during these same years 
Europe experienced record low temperatures, often referred to as 
the Little Ice Age, whereas the western United States was subjected 
to severe drought. By contrast, there was apparently a period of in¬ 
creased sunspot activity during the eleventh and twelfth centuries, 
during which the Earth was warmer than it is today. Thus, variations 
in solar activity appear to affect climates on the Earth. The origin of 
this Sun-Earth connection is a topic of ongoing research. 

(ConceptCheck 9-16 ) How might the Sun’s sunspot cycle change 
if the Sun were rotating much faster than it is now? 

Answer appears at the end of the chapter. 

0E) The Sun's magnetic field also produces 

other forms of solar activity and causes 
aurorae on Earth 

If magnetic fields are so powerful on the Sun, what other effects 
might the Sun’s intense magnetic field be able to cause? In fact, the 
Sun’s magnetic field does more than just explain the presence of 
sunspots. 


Magnetic Arches 

In a plasma, magnetic field lines and the material of the plasma tend 
to move together. The tendency of plasma to follow the Sun’s mag¬ 
netic field helps to explain why the temperature of the chromo¬ 
sphere and corona is so high. Spacecraft observations show magnetic 
field arches extending tens of thousands of kilometers into the co¬ 
rona, with streamers of electrically charged particles moving along 
each arch (Figure 9-21 a). If the magnetic fields of two arches come 
into proximity, their magnetic fields can rearrange and combine. 
The tremendous amount of energy stored in the magnetic field is 
then released into the solar atmosphere. (A single arch contains as 
much energy as a hydroelectric power plant would generate in a 
million years.) The amount of energy released in this way appears 
to be more than enough to maintain the temperatures of the chro¬ 
mosphere and corona. 

ANALOGY The idea that a magnetic field can heat gases has applica¬ 
tions on Earth as well as on the Sun. In an automobile engine’s igni¬ 
tion system an electric current is set up in a coil of wire, which 
produces a magnetic field. When the current is shut off, the magnetic 
field collapses and its energy is directed to a spark plug in one of 
the engine’s cylinders. The released energy heats the mixture of air 
and gasoline around the plug, causing the mixture to ignite. This 
drives the piston in that cylinder and makes the automobile go. 

A \^° £ 5 - Magnetic heating can also explain why the parts of the 
corona that lie on top of sunspots are often the most 
prominent in ultraviolet images. (Some examples are the 
bright regions in Figure 9-12.) The intense magnetic field of the 



(a) 

Figure 9-21 RIVUXG 

Magnetic Arches and Magnetic Reconnection (a) This false-color ultraviolet image 
from the TRACE spacecraft (Transition Region and Coronal Explorer) shows magnetic field 
loops suspended high above the solar surface. The loops are made visible by the glowing 



1. If magnetic 
field loops 
begin to pinch 
together... 


2.... the field lines 
of adjacent loops can 
reconnect, causing 
a release of energy. 


3. The upper helix or 
“coil” of magnetic field 
can break loose, carrying 
material with it into space. 


(b) 


gases trapped within them, (b) When the magnetic fields in these loops change their 
arrangement a tremendous amount of energy is released and solar material can be ejected 
upward, (a: Stanford-Lockheed Institute for Space Research; TRACE; and NASA) 
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Figure 9-22 RIVUXG 

A Solar Prominence A huge prominence arches above the solar surface in this ultraviolet 
image from the SOHO spacecraft. The image was recorded using light at a wavelength of 
30.4 nm, emitted by singly ionized helium atoms at a temperature of about 60,000 K. By 
comparison, the material within the arches in Figure 9-21 reaches temperatures in excess of 
2 X 10 6 K. (SOHO /EIT/ESA/NASA) 


sunspots helps trap and compress hot coronal gas, giving it such a 
high temperature that it emits copious amounts of high-energy ul¬ 
traviolet photons and even more energetic X-ray photons. 

C ConceptCheck 9-17 ) Why does glowing plasma on the Sun 
appear to arch up above the Sun’s photosphere? 

Answer appears at the end of the chapter. 

Prominences, Solar Flares, and 
Coronal Mass Ejections 

Coronal heating occurs even when the Sun is quiet. But magnetic 
fields can also push upward from the Sun’s interior, compress¬ 
ing and heating a portion of the chromosphere that appears as 
bright, arching columns of gas called prominences (Figure 9-22). 
These can extend for tens of thousands of kilometers above the 
photosphere. Some prominences last for only a few hours, while 
others persist for many months. The most energetic prominences 
break free of the magnetic fields that confined them and burst into 
space. 

jvpgp Violent, eruptive events on the Sun, called solar flares, 
& occur in complex sunspot groups. Within only a few min- 
utes, temperatures in a compact region may soar to 5 X 
10 6 K, and vast quantities of particles and radiation—including as 
much material as is in the prominence shown in Figure 9-22—are 
blasted out into space. These eruptions can also cause disturbances 
that spread outward in the solar atmosphere, like the ripples that 
appear when you drop a rock into a pond. 


Figure 9-23 RIVUXG 

A Coronal Mass Ejection (a) SOHO recorded this coronal 
mass ejection in an X-ray image. (The image of the Sun itself 
was made at ultraviolet wavelengths.) (b) Within two to four 
days the fastest-moving ejected material reaches a distance of 
1 AU from the Sun. Most particles are deflected by the Earth’s 
magnetosphere, but some are able to reach the Earth. (The 
ejection shown in (a) was not aimed toward the Earth and did 
not affect us.) (SOHO/EIT/LASCO/ESA/NASA) 
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TABLE 9-2 



Distance from Earth: 


Light travel time to Earth: 
Mean angular diameter: 

Radius: 

Mass: 

Composition (by mass): 

Composition (by number of atoms): 

Mean density: 
Mean temperatures: 
Luminosity: 
Distance from center of Galaxy: 
Orbital period around center 

Orbital speed around center 
of Galaxy: 


Mean: 1 AU = 149,598,000 km 
Maximum: 152,000,000 km 
Minimum: 147,000,000 km 

8.32 min 
32 arcmin 

696,000 km = 10 9 Earth radii 

1.9891 X 10 30 kg = 3.33 X 10 5 
Earth masses 

74% hydrogen, 25% helium, 

1 % other elements 

92.1% hydrogen, 7.8% helium, 

0 .1% other elements 
1410 kg/m 3 

Surface: 5800 K; Center: 1.55 X 10 7 K 

3.90 X 10 26 W 

8000 pc = 26,000 ly 

220 million years 

220 km/s 



The most energetic flares carry as much as 10 30 joules of energy, 
equivalent to 10 14 one-megaton nuclear weapons being exploded at 
once! However, the energy of a solar flare does not come from ther¬ 
monuclear fusion in the solar atmosphere; instead, it appears to be 
released from the intense magnetic field around a sunspot group. 

As energetic as solar flares are, they are dwarfed by coronal 
mass ejections. One such event is shown in the image that opens 
this chapter; Figure 9-23 a shows another. In a coronal mass ejection, 
more than 10 12 kilograms (a billion tons) of high-temperature coro¬ 
nal gas is blasted into space at speeds of hundreds of kilometers per 
second. A typical coronal mass ejection lasts a few hours. These 
explosive events seem to be related to large-scale alterations in the 
Sun’s magnetic field, like the magnetic reconnection shown in Figure 
9-21 h. Coronal mass ejections occur every few months; smaller 
eruptions may occur almost daily. 

If a solar flare or coronal mass ejection happens to be aimed 
toward Earth, a stream of high-energy electrons and nuclei reaches 
us a few days later (Figure 9-23 b). When this plasma arrives, it can 
interfere with satellites, pose a health hazard to astronauts in orbit, 
and disrupt electrical and communications equipment on the Earth’s 
surface. Telescopes on Earth and on board spacecraft now monitor 
the Sun continuously to provide warnings of dangerous levels of 
solar particles. 

The numbers of sunspots, prominences, solar flares, and coro¬ 
nal mass ejections all vary with the same 11-year cycle as sunspots. 
But unlike sunspots, coronal mass ejections never completely cease, 


even when the Sun is at its quietest. Astronomers are devoting sub¬ 
stantial effort to understanding these and other aspects of our dy¬ 
namic Sun. Table 9-2 lists essential data about the Sun. 

(ConceptCheck 9-18 ) Which of the following are the most 
energetic: prominences, solar flares, or coronal mass ejections? 

Answer appears at the end of the chapter. 


Key Ideas and Terms 

9-1 The Sun’s energy is generated by thermonuclear reactions in 

its core 

• The Sun’s luminosity is the amount of energy emitted each second and 
is produced by the proton-proton chain in which four hydrogen nuclei 
combine to produce a single helium nucleus. 

• The energy released in a nuclear reaction corresponds to a slight 
reduction of mass, as predicted by Einstein’s equation E = me 2 . 

• Thermonuclear fusion occurs only at very high temperatures; 
for example, hydrogen fusion occurs only at temperatures in 
excess of about 10 7 K. In the Sun, fusion occurs only in the dense, 
hot core. 

9-2 Energy slowly moves outward from the solar interior through several 

processes 
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PROMPT: What would you tell a fellow student who said, “At the 

halfway point between the Sun's center and its photosphere, 
it has half the temperature and density of the core, contains half 
the Sun's total mass, and produces half of the Sun's luminosity." 


ENTER RESPONSE: 


Guiding Questions 

1. At 0.5 of the Sun’s radius, the temperature is about 

a. one-fourth of the core temperature. 

b. one-half of the core temperature. 

c. the same as the temperature throughout. 

d. the same temperature as the photosphere. 

2. At 0.5 of the Sun’s radius, the density is about 

a. one-third of the core density. 

b. one-half of the core density. 

c. the same density as the photosphere. 

d. the same as water. 

3. The percentage of mass contained within 0.5 of the Sun’s radius 
is about 

a. 90%. 

b. 50%. 

c. 33%. 

d. 10%. 

4. Nearly all of the Sun’s luminosity is generated within the inner 

a. one-third of the radius. 

b. one-half of the radius. 

c. 0.8 of the radius. 

d. 0.2 of the radius. 


• A theoretical description of a star’s interior can be modeled using the 
laws of physics showing that it is in hydrostatic equilibrium where 
energy moving outward precisely balances its gravitational pull 
inward. 

• The standard model of the Sun suggests that hydrogen fusion takes 
place in a core extending from the Sun’s center to about 0.25 solar 
radius and that our Sun is in thermal equilibrium. 

• The core is surrounded by a radiative zone extending to about 0.71 solar 
radius. In this zone, energy travels outward through radiative diffusion. 

• The radiative zone is surrounded by a rather opaque convective zone 
of gas at relatively low temperature and pressure. In this zone, energy 
travels outward primarily through convection. 


• Neutrinos emitted in thermonuclear reactions in the Sun’s core have 
been detected, but in smaller numbers than expected. Recent neutrino 
experiments explain why this is so. 

• Helioseismology is the study of how the Sun vibrates, which has been 
used to infer pressures, densities, chemical compositions, and rotation 
rates within the Sun. 

9-3 The Sun’s outer layers are the photosphere, chromosphere, and 

corona 

• The visible surface of the Sun, the photosphere, is the lowest layer in 
the solar atmosphere. Its spectrum is similar to that of a blackbody at 
a temperature of 5800 K. Convection in the photosphere produces 
granules. 
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• Above the photosphere is a layer of less dense but higher temperature 
gases called the chromosphere. Spicules extend upward from the 
photosphere into the chromosphere. 

• The outermost layer of the solar atmosphere, the corona, is made of 
very high-temperature gases at extremely low density. A stream of 
particles making a solar wind emanates from thin regions called 
coronal holes. 

9-4 Sunspots are low-temperature regions in the photosphere 

• Sunspots are relatively cool regions produced by local concentrations 
of the Sun’s magnetic field. 

• The average number of sunspots increases to a sunspot maximum and 
decreases to a sunspot minimum in a regular sunspot cycle of 
approximately 11 years, with reversed magnetic polarities from one 
11 -year cycle to the next. Two such cycles make up a 22-year solar 
cycle in which the surface magnetic field increases, decreases, and then 
increases again with the opposite polarity. 

• The magnetic polarity is measured by observing the Zeeman 
effect. 

• The magnetic-dynamo model suggests that many features of the solar 
cycle are due to changes in the Sun’s magnetic field. These changes are 
caused by convection and the Sun’s differential rotation. 

9-5 The Sun’s magnetic field also produces other forms of solar activity 

and causes aurorae on Earth 

• Plasma on the Sun arranges itself into various observable features, 
called prominences. 

• A solar flare is a brief eruption of hot, ionized gases from a sunspot 
group. A coronal mass ejection is a much larger eruption that involves 
immense amounts of gas from the corona. 

• When charged particles emitted by the Sun interact with Earth’s 
atmosphere, it causes an aurora where the upper atmosphere glows. 
When observed in the northern hemisphere it is called the northern 
lights or aurora borealis. 

Questions 

Review Questions 

1. What is meant by the luminosity of the Sun? 

2. What is thermonuclear fusion? Why is this fusion 
I fundamentally unlike the burning of a log in a 
fireplace? 

3. Why do thermonuclear reactions occur only in the Sun’s core, not 
in its outer regions? 




■ 


4. If thermonuclear fusion in the Sun were suddenly to 
stop, what would eventually happen to the overall 
radius of the Sun? Justify your answer using the ideas 
of hydrostatic equilibrium and thermal equilibrium. 

5. Give some everyday examples of conduction, convection, and 
radiative diffusion. 


6. What is a neutrino? Why is it useful to study neutrinos coming from 
the Sun? What do they tell us that cannot be learned from other 
avenues of research? 


7. Briefly describe the three layers that make up the Sun’s atmosphere. 

In what ways do they differ from each other? 

0 8. How do astronomers know when the next sunspot 

^ maximum and sunspot minimum will occur? 

9. Why do astronomers say that the solar cycle is 
really 22 years long, even though the number of sunspots varies 
over an 11-year period? 

10. Explain how the magnetic-dynamo model accounts for the solar 
cycle. 

11. Why should solar flares and coronal mass ejections be a concern for 
businesses that use telecommunication satellites? 

Web Chat Questions 

1. Discuss the extent to which cultures around the world have 
worshiped the Sun as a deity throughout history. Why do you 
suppose there has been such widespread veneration? 

2. In the movie Star Trek IV: The Voyage Home, the starship Enterprise 
flies on a trajectory that passes close to the Sun’s surface. What 
features should a real spaceship have to survive such a flight? Why? 

3. Discuss some of the difficulties in correlating solar activity with 
changes in Earth’s climate. 

4. Describe some of the advantages and disadvantages of observing the 
Sun (a) from space and (b) from Earth’s south pole. What kinds of 
phenomena and issues might solar astronomers want to explore from 
these locations? 

Collaborative Exercises 

1. Figure 9-16 shows variations in the average latitude of sunspots. 
Estimate the average latitude of sunspots in the year you were born 
and estimate the average latitude on your twenty-first birthday. Make 
rough sketches of the Sun during those years to illustrate your answers. 

2. Create a diagram showing a sketch of how limb darkening on the 
Sun would look different if the Sun had either a thicker or thinner 
photosphere. Be sure to include a caption explaining your diagram. 

3. Solar granules, shown in Figure 9-6, are about 1000 km across. What 
city is about that distance away from where you are right now? What 
city is that distance from the birthplace of each group member? 

4. Magnetic arches in the corona are shown in Figure 9-21a. How 
many Earths high are these arches, and how many Earths could fit 
inside one arch? 

Observing Projects 

1. Use the Starry Night College™ program to measure the Sun’s 
rotation. Select Favourites > Investigating Astronomy > Solar 
Rotation to display the Sun as seen from about 0.008 AU above its 
surface, well inside the orbit of Mercury. Use the Time Flow controls 
to stop the Sun’s rotation at a time when a line of longitude on the 
Sun makes a straight line between the solar poles, preferably a line 
crossing a recognizable solar feature. Note the date and time. Run 
time forward and adjust the date and time to place the selected 
meridian in this position again. 

a) What is the rotation rate of the Sun as shown in Starry Night 
College ™? 

b) The demonstration in part (a) does not show one important 
feature of the Sun, namely its differential rotation, in which the 
equator of this fluid body rotates faster than the polar regions. 
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CHAPTER 9 


To which region of the Sun does your measured rotation rate 
refer? It is this differential rotation that is thought to generate 
the magnetic fields and active regions that make the Sun an 
active star. Occasional emission of high-energy particles from 
these active regions can disturb the Earth’s environment and 
disrupt electrical transmission systems, 
c) Examine this image of the Sun and compare it to real images 
seen in textbooks, on the Internet, or from the links in the 
Solar Images layer in the LiveSky pane. In particular, how 
does the distribution of sunspots and active regions on this 
image compare to the distribution of these regions on the 
real Sun? 

2. Use the Starry Night College™ program to examine the surface of 
the Sun in detail. Select Favourites > Investigating Astronomy > Solar 
Chromosphere to show a view of the surface of the Sun from a 
position on its equator. This view is at the color of the wavelength of 
hydrogen light. The opacity of the gas at this wavelength means that 
you can see the structure of the hot chromosphere that lies above the 
visible surface. Use the hand tool or cursor keys to change the Gaze 
direction to view different features of the Sun. The dark features are 
sunspots embedded within active regions. They appear dark because 
the normal convective heating of the Sun’s surface has been inhibited 
by strong magnetic fields. The darkest region of a sunspot, the 
umbra, is about 2000 K cooler than the solar surface, while the 
surrounding penumbra is somewhat warmer than this. Zoom in 
toward the horizon to examine prominences, huge arches of material 
that are supported over active regions by magnetic fields linking 
underlying sunspots. Also at the horizon, at the Sun’s limb, you will 
see smaller vertical structures, known as spicules, that delineate 
regions of weak but enhanced magnetic fields. These spicules form a 
network that threads across the solar surface. Magnetic fields in 
active regions can sometimes undergo rearrangement and release 
huge amounts of energy to produce violent solar flares that appear 
very bright at hydrogen wavelengths. One such flare appears in the 
SE direction on the Sun. You can see that the structure of the 
chromospheric gases around this active region shows the magnetic 
field configuration, much as iron filings show the magnetic field 
configuration around the poles of a bar magnet. On the basis of the 
appearance of this region of the Sun, at what stage in the 11-year 
cycle of solar activity is the Sun at this time? You can see current 
solar images from both ground and space-based solar telescopes by 
opening the LiveSky pane if you have an Internet connection on your 
computer. 

3. Use the Starry Night College™ program to examine the 
neighborhood of the Sun and identify some of the stars close to our 
solar system. Select Favourites > Investigating Astronomy > Solar 
Neighbourhood to show a view of the stars in our local region of the 
Milky Way Galaxy as you circle in space at a distance of about 200 
light-years from the Sun. Click the Stop button and then select Labels 
> Stars from the menu to show the names of our near neighbors. You 
will recognize many well-known stars such as Sirius, the brightest 
star in our sky, Arcturus, Vega, and many others. Click the Play 
button to see the three-dimensional structure of this region of space. 
Move the cursor over the stars listed below and use the information 
in the HUD to answer the following questions. You can check that 
this information panel includes Distance from Sun, Temperature, and 
Luminosity by selecting these from the Show list in the Cursor 
Tracking (HUD) options in the Preferences... dialog accessible from 
the File menu (Starry Night menu on a Macintosh). 


a) What is the distance from the Sun of the following stars: Rigel 
Kentaurus; Sirius; Fomalhaut; Vega; Arcturus? 

b) Which star within the above group has the highest 
temperature? 

c) Which is intrinsically the most luminous of these stars? 

Answers 

ConceptChecks 

ConceptCheck 9-1: The Sun emits most of its energy in the form of visible 
light. 

ConceptCheck 9-2: At the extremely high temperatures and pressures exist¬ 
ing in the Sun’s core, hydrogen nuclei can move fast enough to overcome 
the electrical charge repulsion and fuse together into helium nuclei. 

ConceptCheck 9-3: When 1 kg of hydrogen combines to form helium, the 
vast majority of the mass is used as the substance of helium atoms, with 
only 0.7% of the original mass left over to be converted into energy. 

ConceptCheck 9-4: Astronomers use the current energy output of the Sun 
to estimate how fast the Sun is consuming its usable fuel and estimate how 
much fuel it has available to continue at its present consumption rate. 

ConceptCheck 9-5: Because pressure in the Sun’s core is due to the down¬ 
ward pushing weight of the overlying mass of material, having less mass 
pressing down would result in a lower pressure at the core. 

ConceptCheck 9-6: When too little energy flows to the surface, the Sun’s 
core temperature would increase dramatically. 

ConceptCheck 9-7: The energy transport process of conduction occurs 
when energy moves through a relatively dense material by hot material 
transferring its kinetic energy to nearby cooler material that is in direct 
contact. The Sun’s density is simply too low for conduction to be an im¬ 
portant process by which energy moves from one part of the Sun to an¬ 
other part. 

ConceptCheck 9-8: Of these three, only the temperature decreases with 
increasing distance from the Sun’s central core. 

ConceptCheck 9-9: By carefully monitoring how vibrations within the Sun 
move through the Sun, astronomers are able to deduce the thickness of 
various zones and the Sun’s internal density at various depths. 

ConceptCheck 9-10: The energy transport process of convection causes 
warmer material to rise to the surface and cooler material to sink back into 
the photosphere, giving the photosphere a granulelike appearance. 

ConceptCheck 9-11: Spicules can have lengths of several thousand kilome¬ 
ters, nearly the distance across the entire United States. 

ConceptCheck 9-12: The corona has an extremely low density and can only 
be observed when the more dominant photosphere is blocked, such as dur¬ 
ing a solar eclipse. 

ConceptCheck 9-13: The solar wind seems to come from places where the 
corona is most thin, locations called coronal holes. 

ConceptCheck 9-14: The photosphere surrounding a sunspot has a tem¬ 
perature of about 5800K, which far outshines the relatively cooler sun- 
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spot region, resulting in the sunspots appearing to be quite dark in 
comparison. 

ConceptCheck 9-15: The length of time between large numbers of sunspots 
to few numbers of sunspots and back to large numbers of sunspots averages 
about 11 years. However, the magnetic character of sunspots flips every 
11-year cycle, suggesting an overarching 22-year sunspot cycle. 

ConceptCheck 9-16: According to the magnetic-dynamo model, the sunspot 
cycle is a result of twisting magnetic fields. In the event the Sun was turning 
faster, the twisting would occur more quickly and the length of the sunspot 
cycle would decrease. 

ConceptCheck 9-17: The glowing plasma tends to follow the pathways 
created by the Sun’s invisible magnetic field lines, which form curved arches 
above the Sun’s surface. 


ConceptCheck 9-18: Coronal mass ejections are many times more energetic 
than any other event on the Sun and, when directed at Earth, can cause 
severe problems with telecommunications, electrical power distribution, 
and radiation health hazards for astronauts working in space. 

CalculationChecks 

CalculationCheck 9-1: According to Einstein’s equation that E = me 2 , a 
mass of 5 kg is equivalent to 5 kg X (3 X 10 8 m/s) 2 = 15 X 10 8 joules, 
which is equivalent to burning about 100,000 metric tons of coal! 

CalculationCheck 9-2: According to the graphs, the Sun’s core temperature 
is about 16 million Kelvins. At a distance of 50% of the Sun’s radius, the 
Sun’s temperature has dropped to 4 million Kelvins, which is a drop of 
about 75%. 
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R I V U X G Some stars in this cluster (called M39) are distinctly blue in color, 
while others are yellow or red. (Heidi Schweiker/NOAO/AURA/NSF) 

Observing Properties 
of Distant Stars 


the unaided eye, the night sky is spangled with several thousand 
stars, each appearing as a bright pinpoint of light. With a pair of bin¬ 
oculars, you can see some 10,000 other, fainter stars; with a 15-cm (6- 
in.) telescope, the total rises to more than 2 million. Astronomers now know 
that there are in excess of 100 billion (10 11 ) stars in our Milky Way Galaxy alone. 

But what are these distant pinpoints of light? To the great thinkers of 
ancient Greece, the stars were bits of light embedded in a vast sphere with 
the Earth at its center. They thought the stars were composed of a mysterious 
“fifth element,” quite unlike anything found on Earth. 

Today, we know that the stars are made of the same chemical elements 
found on Earth. We know their sizes, their temperatures, their masses, and 
something of their internal structures. We understand, too, why the stars in 
the accompanying image come in a range of beautiful colors: Blue stars have 


high surface temperatures, while the surface temperatures of red and yellow 
stars are relatively low. 

How have we learned these things? How can we know the nature of the 
stars, objects so distant that their light takes years or centuries to reach us? 
Over the next three chapters, we will learn about the measurements astrono¬ 
mers make to determine the properties of stars and infer how they form and 
change over their life cycles. Our first step is to see how astronomers measure 
the distances to the stars that are closest to us. We will also take a close look 
at the Hertzsprung-Russell diagram, an important tool that helps astronomers 
systematize the wealth of available information we can learn about the stars. 
In the next two chapters, we will use this diagram to help us understand how 
stars are born, evolve, and eventually die. 



Key Ideas 




BY READING THE SECTIONS OF THIS CHAPTER, YOU WILL LEARN 


(35) Measuring the distances to nearby stars utilizes an effect 
called parallax 

(351 a star’s brightness can be described in terms of luminosity or 
magnitude 

( 35 ) a star’s distance can be determined by comparing its 
luminosity and brightness 


A star’s color depends on its surface temperature 

($&§ The spectra of stars reveal their chemical compositions as 
well as surface temperatures and sizes 

Q53I Stars come in a wide variety of sizes and masses 
(Jijjl H-R diagrams reveal the different kinds of stars 
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CHAPTER 10 


GEO Measuring the distances to nearby 
stars utilizes an effect called parallax 


The vast majority of stars visible in the night sky are 
? objects very much like the Sun, only much farther away. 

But if they appear only as tiny pinpoints of light, even in 
large telescopes, how can we measure the distances to the stars? 
You might try to estimate distances by comparing the relative 
brightnesses of different stars, thinking that all stars emit the same 
amount of energy with the more distant ones appearing dimmer. 
Perhaps the brightly shining star Betelgeuse, in the constellation 
Orion, appears so bright because it is relatively close, while the 
dimmer and less conspicuous star Polaris (the North Star, in the 
constellation Ursa Minor) is farther away. 

But this line of reasoning is incorrect: Polaris is actually closer 
to us than the seemingly brighter Betelgeuse! How bright a star 
appears is not a good indicator of its distance. If you see a light on 
a darkened road, it could be a motorcycle headlight a kilometer 
away or a person holding a flashlight just a few meters away. In the 
same way, a bright star might be extremely far away but have an 
unusually high luminosity, and a dim star might be relatively close 
but have a rather low luminosity. Astronomers must use other tech¬ 
niques to determine the distances to the stars. 


fConceptChecklO-l ) Which appears brighter, a small handheld 
flashlight 10 centimeters away or a large spotlight atop a lighthouse 10 
kilometers away? 

Answer appears at the end of the chapter. 


Parallax and the Distances to the Stars 

The most straightforward way of measuring stellar distances uses 
an effect called parallax. This is the apparent displacement of an 
object because of a change in the observer’s point of view (Figure 
10-1). To see how parallax works, hold your arm out straight in 
front of you. Now look at the hand on your outstretched arm, first 
with your left eye closed, then with your right eye closed. When you 
close one eye and open the other, your hand appears to shift back 
and forth against the background of more distant objects. 

The closer the object you are viewing, the greater the parallax 
shift. To see this, repeat the experiment with your hand held closer 
to your face. Your brain analyzes such parallax shifts constantly as 
it compares the images from your left and right eyes, and in this 
way determines the distances to objects around you. This is the ori¬ 
gin of depth perception. 

To measure the distance to a star, astronomers measure the 
parallax shift of the star using two points of view that are as far 
apart as possible—at opposite sides of the Earth’s orbit. The direc¬ 
tion from Earth to a nearby star changes as our planet orbits the 
Sun, and the nearby star appears to move back and forth against 
the background of more distant stars (Figure 10-2). This motion is 
called stellar parallax. The parallax (p) of a star is equal to half the 
angle through which the star’s apparent position shifts as the Earth 
moves from one side of its orbit to the other. The larger the parallax 



When you are at 
position A, the 
tree appears to be 
in front of this 


When you are at 
position B, the 
tree appears to 
be in front of 
this mountain. 


X 


Figure 10-1 

Parallax Imagine looking at some nearby object (a tree) against a distant background 
(mountains). When you move from one location to another, the nearby object appears to shift 
with respect to the distant background scenery. This familiar phenomenon is called parallax. 


p, the smaller the distance d to the star (compare Figure 10-2a with 
Figure 10-2 b). 

It is convenient to measure the distance d in parsecs. Imagine 
taking a journey far into space, beyond the orbits of the outer plan¬ 
ets. As you look back toward the Sun, Earth’s orbit subtends a 
smaller angle in the sky the farther you are from the Sun. As Figure 

10-3 shows, the distance at which 1 AU . ■ ■ • j c. j • r a.- 

, i r i AU is defined in Section 3-1. 

stretches across an angle or 1 arcsec is 

defined as 1 parsec (abbreviated pc). A 

star with a parallax angle of 1 second of arc (p = 1 arcsec) is at a 
distance of 1 parsec (d = 1 pc). (The word “parsec” is a contraction 
of the phrase “the distance at which a star has a parallax of one 
arcsecond.” One parsec equals 3.26 light-years, 3.09 X 10 13 km; 
see Figure 10-3). If the angle p is measured in arcseconds, then 
the distance d to the star in parsecs is given by the following 
equation: 

Relation between a star’s distance and its parallax 

d = - 

P 


d = distance to a star, in parsecs 
p = parallax angle of that star, in arcseconds 

This simple relationship between parallax and distance reveals 
that the closest stars have the greatest parallax. For convenience’s 
sake, astronomers like to describe distances in parsecs rather than 
light-years because they use the observed parallax to measure 
distance. 

All known stars have parallax angles less than 1 arcsecond. In 
other words, the closest star is more than 1 parsec away and, in the 
same way, the closest star is more than 3.26 light-years away. Such 
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(a) Parallax of a nearby star 



(b) Parallax of an even closer star 


^ Figure 10-2 

Stellar Parallax (a) As 
the Earth orbits the Sun, a nearby star 
appears to shift its position against 
the background of distant stars. The 
parallax (p) of the star is equal to the 
angular radius of the Earth’s orbit as 
seen from the star, (b) The closer the 
star is to us, the greater the parallax 
angle p. The distance d to the star 
(in parsecs) is equal to the reciprocal 
of the parallax angle p (in arcseconds): 
d = 1/p. 


1 AU 



Observer 


small parallax angles are difficult to detect, so it was not until 1838 
that the first successful parallax measurements were made by the 
German astronomer and mathematician Friedrich Wilhelm Bessel. 
He found the parallax angle of the star 61 Cygni to be just 1/3 
arcsec—equal to the angular diameter of a dime at a distance of 11 
kilometers, or 7 miles. He thus determined that this star is about 3 
pc from the Earth. (Modern measurements give a slightly smaller 
parallax angle, which means that 61 Cygni is actually more than 3 
pc away.) The star Proxima Centauri has the largest known parallax 
angle, 0.772 arcsec, and hence is the closest known star (other than 
the Sun); its distance is 1/(0.772) = 1.30 pc. 

Appendix 4 at the back of this book lists all the stars within 
4 pc of the Sun, as determined by parallax measurements. Most 
of these stars are too dim to be seen with the naked eye, which is 
why their names are probably unfamiliar to you. By contrast, the 
majority of the familiar, bright stars in the nighttime sky (listed in 
Appendix 5) are so far away that their parallaxes cannot be mea¬ 
sured from the Earth’s surface. They appear bright not because 
they are close, but because they are far more luminous than the 
Sun. The brightest stars in the sky are not necessarily the nearest 
stars! 

ConceptCheck 10-2 If an astronomer inadvertently measures a 
parallax angle for a star to be smaller than it actually is, is the star 
incorrectly assumed to be farther away or closer to Earth than it 
actually is? 


Figure 10-3 

A Parsec The parsec, a unit of length commonly used by astronomers, is equal to 3.26 light- 
years. The parsec is defined as the distance at which 1 AU perpendicular to the observers 
line of sight subtends an angle of 1 arcsec. 


( CalCUlationCheck 10-1 ) How many light-years away is Alpha 
Centauri if it has a parallax angle of 0.772 arcseconds? 

Answers appear at the end of the chapter. 
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CHAPTER 10 



Measuring Parallax from Space 

Parallax angles smaller than about 0.01 arcsec are extremely dif¬ 
ficult to measure from the Earth, in part because of the blurring 
effects of the atmosphere. Therefore, the parallax method used with 
ground-based telescopes can give fairly reliable distances only for 
stars nearer than about 1/0.01 = 100 pc. But an orbiting observa¬ 
tory in space is unhampered by the atmosphere. Observations made 
from spacecraft therefore permit astronomers to measure even 
smaller parallax angles and thus determine the distances to more 
remote stars. 

In 1989 the European Space Agency (ESA) launched the satel¬ 
lite Hipparcos, an acronym for High Precision Parallax Collecting 
Satellite (and a commemoration of the ancient Greek astronomer 
Hipparchus, who created one of the first star charts). Over more 
than three years of observations, the telescope aboard Hipparcos 
was used to measure the parallaxes of 118,000 stars with an ac¬ 
curacy of 0.001 arcsecond. This has enabled astronomers to deter¬ 
mine stellar distances out to several hundred parsecs, and with much 
greater precision than has been possible with ground-based observa¬ 
tions. In the years to come, astronomers will increasingly turn to 
space-based observations to determine stellar distances. Unfor¬ 
tunately, most of the stars in the galaxy are so far away that their 
parallax angles are too small to measure even with an orbiting 
telescope. 

Because it can be used only on relatively close stars, stellar 
parallax might seem to be of limited usefulness. But parallax mea¬ 
surements are the cornerstone for all other methods of finding the 
distances to more remote objects. Other methods, which we’ll get 
to in later chapters as we look beyond the Milky Way Galaxy, re¬ 
quire a precise and accurate knowledge of the distances to nearby 
stars, as determined by stellar parallax. Hence, any inaccuracies in 
the parallax angles for nearby stars can translate into substantial 
errors in measurement for the whole universe. For this reason, as¬ 
tronomers are continually trying to perfect their parallax-measuring 
techniques. 

Stellar parallax is an apparent motion of stars caused by the 
Earth’s orbital motion around the Sun. But stars are not fixed ob¬ 
jects and actually do move through space. As a result, stars change 
their positions on the celestial sphere (Figure 10-4). These motions 
are sufficiently slow, however, that changes in the positions of the 
stars are hardly noticeable over a human lifetime. 

(ConceptCheck10-3 3 Why can’t the distances to most stars in 
our galaxy be measured using parallax? 

Answer appears at the end of the chapter. 


(jt*M A star's brightness can be described 
in terms of luminosity or magnitude 

A quick survey of some of the pictures in this book suggests that 
not all stars are the same. Some stars are brilliantly bright whereas 
the vast majority are somewhat dimmer. Because astronomy is 
among the most ancient of sciences, some of the tools used by 


Figure 10-4 RIVUXG 

The Motion of Barnard’s Star Three photographs taken over a four-year period were 
combined to show the motion of Barnard’s star, which lies 1.82 parsecs away in the 
constellation Ophiuchus. Over this time interval, Barnard’s star moved more than 41 
arcseconds on the celestial sphere (about 0.69 arcminutes, or 0.012°), more than any other 
star. (John Sanford/Science Photo Library) 

modern astronomers to describe the night sky are actually many 
centuries old. One such tool is the magnitude scale, which astrono¬ 
mers frequently use to denote the brightness of stars. This scale 
was introduced in the second century b.c. by the Greek astrono¬ 
mer Hipparchus, who called the brightest stars first-magnitude 
stars. 

Hipparchus based this scale in part on which stars are the first 
to be visible in the darkening sky after sunset. In other words, the 
first group of stars visible as the Sun sets below the horizon were 
known as magnitude +1 stars. Stars about half as bright as first- 
magnitude stars and are the second group of stars to become visible 
as the sky becomes darker were known as magnitude +2 stars, and 
so forth, down to sixth-magnitude stars, the dimmest ones that can 
be seen when the sky is pitch black. After telescopes came into use, 
astronomers extended Hipparchus’s magnitude scale to include even 
dimmer stars. 

This numbering scale ranking stars, where the brightest objects 
are “number one” is quite common in our culture. The winner of 
baseball’s World Series is the number one team, the restaurant voted 
best in your community is the number one restaurant, and the best 
Olympic performer in gymnastics is the number one gymnast. So, 
it seems reasonable that when ranking stars by brightness, the 
brightest stars are magnitude one, the not-as-bright-as-number-one 
stars are magnitude two, and so on. 

CAUTION The magnitude scale can sometimes be confusing because 
it might seem to work “backward.” Keep in mind that the greater 
the apparent magnitude, the dimmer the star—just like with rank¬ 
ings of sporting teams. The number five soccer team has fewer wins 
than the number three soccer team (and likely less talented players). 
In much the same way, a star that appears to have a magnitude + 3 
(a third-magnitude star) is dimmer than a star that appears to have 
a magnitude +2 (a second-magnitude star). 
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In the nineteenth century, astronomers developed better tech¬ 
niques for measuring the light energy arriving on Earth from a star. 
These measurements showed that a first-magnitude star is about 
100 times brighter than a sixth-magnitude star. In other words, it 
would take 100 stars of magnitude +6 to provide as much light 
energy as we receive from a single star of magnitude +1. To make 
computations easier, the magnitude scale was redefined so that a 
magnitude difference of 5 corresponds exactly to a factor of 100 in 
brightness. A magnitude difference of 1 corresponds to a factor of 
2.512 in brightness, because 

2.512 X 2.512 X 2.512 X 2.512 X 2.512 = (2.512) 5 = 100 

Thus, it takes 2.512 third-magnitude stars to provide as much light 
as we receive from a single second-magnitude star. 

One might imagine that the objects might have a different mag¬ 
nitude rating if the observer was significantly closer to it or, alter¬ 
natively, farther away from it. Because Hipparchus’s magnitude 
numbers describe how bright an object appears to an Earth-based 
observer, values in Hipparchus’s scale are properly called apparent 
magnitudes. 

Figure 10-5 illustrates the modern apparent magnitude scale. 
The dimmest stars visible through a pair of binoculars have an ap¬ 
parent magnitude of +10, and the dimmest stars that can be pho¬ 
tographed in a one-hour exposure with the Keck telescopes or the 
Hubble Space Telescope have apparent magnitude +30. Modern 


astronomers also use negative numbers to extend Hipparchus’s scale 
to include very bright objects. For example, Sirius, the brightest star 
in the sky, has a carefully measured apparent magnitude of —1.43. 
The Sun, the brightest object in the sky, has an apparent magnitude 
of -26.7. 

Using this apparent magnitude scale can be misleading when 
judging the nature of stars. For example, our star the Sun has 
about the same energy output as the star Alpha Centauri. How¬ 
ever, our Sun is much closer to Earth than Alpha Centauri so it 
appears many, many times brighter in the sky. In other words, 
because in fact some stars are relatively close to Earth and some 
stars are relatively far from Earth, simply judging all stars only by 
their apparent magnitudes provides an incomplete picture of the 
cosmos. 

To solve this problem, astronomers imagine what the brightness 
or magnitude of a star would be IF the star were located exactly 10 
parsecs (32.6 light-years) from Earth. The magnitude of a star if it 
were at a distance of 10 parsecs is known as the absolute magnitude, 
and it is a quantity that reflects a star’s true energy output so it can 
be compared to other stars. 

ANALOGY If you wanted to compare the light output of two differ¬ 
ent lightbulbs, you would naturally place them side by side so that 
both bulbs were the same distance from you. In the absolute mag¬ 
nitude scale, we imagine doing the same thing with stars to compare 
their luminosities. 
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(a) Some apparent magnitudes 


Figure 10-5 

The Apparent Magnitude Scale (a) Astronomers denote the apparent brightness of 
objects in the sky by their apparent magnitudes. The greater the apparent magnitude, 
the dimmer the object, (b) This photograph of the Pleiades cluster, located about 



(b) Apparent magnitudes of stars in the Pleiades 


120 pc away in the constellation Taurus, shows the apparent magnitudes of some of its 
stars. Most are too faint to be seen by the naked eye. (David Malin/Anglo-Australian 
Observatory) 
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If the Sun were moved to a distance of 10 parsecs from the 
Earth, it would have an apparent magnitude of +4.8. The absolute 
magnitude of the Sun is thus +4.8. The absolute magnitudes of the 
stars range from approximately +15 for the least luminous to —10 
for the most luminous. (Note: Like apparent magnitudes, absolute 
magnitudes work “backward”: The greater the absolute magnitude, 
the less luminous the star.) The Sun’s absolute magnitude is about 
in the middle of this range. 

( ConceptCheck 10-4 ) If we were observing our Sun from a 
distance of 10 parsecs, what would be its apparent and absolute 
magnitudes? 

(ConceptCheck 10-5 ) The star Tau Ceti has an apparent 
magnitude of about +3 and an absolute magnitude of about +6. Is it 
much closer or much farther from Earth than 10 parsecs? 

Answers appear at the end of the chapter. 


(J[iM A star's distance can be determined 
by comparing its luminosity and brightness 


Apparent brightness is a measure of how faint a star looks to us, 
whereas absolute magnitude is a measure of the star’s total light 
output. In addition to absolute magnitude, astronomers have for¬ 
mulated another way to judge the energy output of stars—by com¬ 
paring how much energy stars emit compared to how much energy 
the Sun emits. The total amount of energy per second a star emits 


The luminosity of stars 
is also discussed in 
Section 2-3. 


is called its luminosity. As we saw in 
Chapter 9, the Sun emits about 3.9 X 10 26 
W (1 watt, or 1 W, is 1 joule per second) 
and is written as L Q . Most stars are less 
luminous than the Sun, but some blaze 
forth with a million times the Sun’s luminosity. For example, a star 
that emits 5 times more energy per second that our Sun does has a 
luminosity of 5 L 0 . Knowing a star’s luminosity is essential for 
determining the star’s history, its present-day internal structure, and 
its future evolution. 


Luminosity and the Inverse-Square Law 

To determine the luminosity of a star, we first note that as light 
energy moves away from its source, it spreads out over increasingly 
larger regions of space. Imagine a sphere of radius d centered on 
the light source, as in Figure 10-6. The amount of energy that passes 
each second through a square meter of the sphere’s surface area is 
the total luminosity of the source (L) divided by the total surface 
area of the sphere (equal to And 2 ). This quantity is usually known 
as the apparent brightness of the light (fc), because how bright a 
light source appears depends on how much light energy per second 
enters through the area of a light detector (such as your eye). Ap¬ 
parent brightness is measured in watts per square meter (W/m 2 ). In 
other words, there is a relationship between how bright something 
appears and how close it is—the closer a luminous object is, the 
brighter it appears. Moreover, this relationship depends not just on 



z fl|f 4 p Figure 10-6 

The Inverse-Square Law Radiation from a light source illuminates an 
area that increases as the square of the distance from the source. Hence, the apparent 
brightness decreases as the square of the distance. The brightness at d = 2 is 
l/(2 2 ) = 1/4 of the brightness at d = 1, and the brightness at d = 3 is l/(3 2 ) = 1/9 
of that at d = 1. 


the precise distance, but actually on the square of the distance. 
Written in the form of an equation, the relationship between appar¬ 
ent brightness and luminosity is 


Inverse-square law relating apparent brightness and luminosity 


b 


L 

And 1 


b = apparent brightness of a star’s light, in W/m 2 
L = star’s luminosity, in W 
d = distance to star, in meters 

This relationship is called the inverse-square law, because the 
apparent brightness of light that an observer can see or measure is 
inversely proportional to the square of the observer’s distance (d) 
from the source. If you double your distance from a light source, 
its radiation is spread out over an area 4 times larger, so the appar¬ 
ent brightness you see is decreased by a factor of 4. Similarly, at 
triple the distance, the apparent brightness is one-ninth as great (see 
Figure 10-5). For example, if we apply the inverse-square law to the 
Sun, which is 1.50 X 10 11 m from Earth, we can calculate the ap¬ 
parent brightness (b Q ) as 


b 


o 


3.86 X10 26 W 
4jt(l.50 X10 11 m ) 2 


= 1370 W/m 2 


Another way of saying this is that a blanket spread out on the 
ground covering an area of 1 square meter receives 1370 watts of 
power from the Sun. 

Astronomers measure the apparent brightness of a star using 
a telescope with an attached light-sensitive instrument, similar to 
the light meter in a camera that determines the proper exposure. 
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(ConceptCheck 10-6 ) How many times less light falls on a 
newspaper illuminated by a lightbulb if the newspaper is moved a 
distance of 3 times farther away? 

Answer appears at the end of the chapter. 

Calculating a Star's Luminosity 

The relationship between the apparent brightness of a shining star 
and its distance also allows astronomers to calculate the energy 
output of a star. We need to know just two things to find a star’s 
luminosity: the distance to a star as compared to the Earth-Sun 
distance (the ratio d/ d Q ), and how that star’s apparent brightness 
compares to that of the Sun (the ratio b/b Q ). This important relation¬ 
ship can be written as a series of ratios as follows: 

Determining a star’s luminosity from its apparent brightness 



L/L Q = ratio of the star’s luminosity to the Sun’s luminosity 
d/ d Q = ratio of the star’s distance to the Earth-Sun distance 
b/b Q = ratio of the star’s apparent brightness to the Sun’s apparent 
brightness 

In other words, this mathematical relationship gives us a general 
rule relating the luminosity, distance, and apparent brightness of 
a star: 

We can determine the luminosity of a star from its distance and 
apparent brightness. For a given distance, the brighter the star, the 
more luminous that star must be. For a given apparent brightness, 
the more distant the star, the more luminous it must be to be seen 
at that distance. 

As stars go, our Sun is neither extremely luminous nor ex¬ 
tremely dim; it is a rather ordinary, garden-variety star. It is some¬ 
what more luminous than most stars, however. Of the 30 closest 
stars to the Sun only three (a Centauri, Sirius, and Procyon) have a 
greater luminosity than the Sun. 

To better characterize a typical population of stars, astrono¬ 
mers count the stars out to a certain distance from the Sun and plot 
the number of stars that have different luminosities. Figure 10-7 
shows the distribution of luminosities for stars in our part of the 
Milky Way Galaxy. The curve declines very steeply for the most 
luminous stars toward the left side of the graph, indicating that they 
are quite rare. For example, this graph shows that stars like the Sun 
are about 10,000 times more common than stars like Spica (which 
has a luminosity of 2100 L Q ). The exact shape of the curve in Figure 
10-7 applies only to the vicinity of the Sun and similar regions in 
our Milky Way Galaxy, with other locations having slightly different 
shaped curves. 

CalClllationCheck 10-2 ^ The star Pleione in the constellation 
Taurus is 190 times as luminous as the Sun but appears only 3.19 X 10 -B 
as bright as the Sun. How far is Pleione from Earth? 

Answer appears at the end of the chapter. 
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Figure 10-7 

The Luminosity Function This graph shows how many stars of a given luminosity lie 
within a representative 1000 cubic-parsec volume. The scale at the bottom of the graph 
shows absolute magnitude, an alternative measure of a star’s luminosity (described in 
Section 10-2). (Adapted from J. Bahcall and R. Soneira) 

CEO A star's color depends on its surface 

temperature 

As we saw in Chapter 2, stars have different colors, depending on 
their temperatures. Some people can clearly see these colors, even 
with the naked eye. For example, some can easily see the red color 
of Betelgeuse, the star in the “armpit” of the constellation Orion, 
and the blue tint of Bellatrix at Orion’s other “shoulder.” Colors are 
most evident for the brightest stars, because most people’s color 
vision does not work well at low light levels. 

CAUTION Remember that the light from a star will appear redshifted 
if the star is moving away from you and blueshifted if it’s moving 
toward you. But for even the fastest stars, these color shifts are so 
tiny that it takes sensitive instruments to measure them. The red 
color of Betelgeuse and the blue color of Bellatrix are not due to 
their motions; they are the actual colors of the stars. 

Tike most glowing objects, a star’s color is directly related to 
its surface temperature. The intensity of light from a relatively cool 
star peaks at long wavelengths, making the star look red (Figure 
10-8). A hot star’s intensity curve peaks at shorter wavelengths, so 
the star looks blue (Figure 10-8c). For a star with an intermediate 
temperature, such as the Sun, the intensity peak is near the middle 
of the visible spectrum. This gives the star a yellowish color (Figure 
10-8 b). This leads to an important general rule about star colors 
and surface temperatures: 

Red stars are relatively cold, with low surface temperatures; blue 
stars are relatively hot, with high surface temperatures. 
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(a) A cool star with surface temperature 
3000 K emits much more red light than 
blue light, and so appears red. 


Wavelength (nm)- >■ 

(b) A warmer star with surface 
temperature 5800 K (like the Sun) emits 
similar amounts of all visible 
wavelengths, and so appears yellow-white. 


Wavelength (nm)->- 

(c) A hot star with surface temperature 
10,000 K emits much more blue light 
than red light, and so appears blue. 


Figure 10-8 

Temperature and Color These graphs show the intensity of light emitted by three 
hypothetical stars plotted against wavelength (compare with Figure 2-11). The rainbow band 
indicates the range of visible wavelengths. The star’s apparent color depends on whether 
the intensity curve has larger values at the short-wavelength or long-wavelength end of 


the visible spectrum. The insets show stars of about these surface temperatures. UV stands 
for ultraviolet, which extends from 10 to 400 nm. (Inset a: Andrea Dupree/Harvard- 
Smithsonian CFA, Ronald Gilliland/STSd, NASA and ESA; inset b: NSO/AURA/NSF; 
inset c: Till Credner, Allthesky.com) 


Figure 10-8 shows that astronomers can accurately determine 
the surface temperature of a star by carefully measuring its color. 
To do this, the star’s light is collected by a telescope and passed 
through one of a set of differently colored filters. The filtered light 
is then collected by a light-sensitive device such as a CCD. The 
process is then repeated with each of the filters in the set. The star’s 
image will have a different brightness through each colored filter, 
and by comparing these brightnesses astronomers can find the 
wavelength at which the star’s intensity curve has its peak—and 
hence the star’s temperature. 

CAUTION As we will discuss in Chapter 11, tiny dust particles that 
pervade interstellar space cause distant stars to appear redder than 
they really are. In the same way, particles in the Earth’s atmosphere 
make the setting Sun look red. Astronomers must take this redden¬ 
ing into account whenever they attempt to determine a star’s surface 
temperature from its color. 

(ConceptCheck 10-7 ) Which is hotter, a green star or a 
yellow star? 

Answer appears at the end of the chapter. 


GEB The spectra of stars reveal their 

chemical compositions as well as surface 
temperatures and sizes 

We have seen how careful inspection of a star’s color allows as¬ 
tronomers to determine its surface temperature. What happens if we 
look even more closely by separating starlight into its specific com¬ 
ponent colors and analyzing each of the colors present in detail? 


Classifying Stars: Absorption Line 
Spectra and Spectral Classes 


Absorption line spectrum 
are introduced in 
Section 2-4. 


We observe an absorption line spectrum when a cool gas, lying 
between us and a hot, glowing object, removes particular wave¬ 
lengths of light. The light from the hot, 
glowing object itself has a continuous 
spectrum. In the case of a star, light with 
a continuous spectrum is produced at low- 
lying levels of the star’s atmosphere, where 
the gases are hot and dense. The absorption lines are created when 
this light flows outward through the upper layers of the star’s at¬ 
mosphere. Atoms in these cooler, less dense layers absorb radiation 
at specific wavelengths, which depend on the specific kinds of atoms 
present—hydrogen, helium, or other elements—and on whether or 
not the atoms are ionized. 

Some stars have spectra in which certain hydrogen lines are 
prominent. But in the spectra of other stars, these hydrogen features 
are nearly absent and the dominant absorption lines are those in¬ 
dicating the presence of heavier elements such as calcium, iron, and 
sodium. Still other stellar spectra are dominated by broad absorp¬ 
tion lines caused by atoms that have combined into molecules, such 
as titanium oxide. To cope with this diversity, astronomers group 
similar-appearing stellar spectra into spectral classes. In a popular 
classification scheme that emerged in the late 1890s, a star was as¬ 
signed a letter from A through O according to the obvious presence 
of particular hydrogen lines in the star’s spectrum, from greatest to 
least. However, nineteenth-century science could not explain why 
or how the spectral lines of a particular chemical are affected by 
the temperature and density of the gas. Since this time, many of the 
original A-through-O classes were dropped and others were con¬ 
solidated. The remaining spectral classes were reordered in the 
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sequence OBAFGKM. You can remember this sequence with the 
mnemonic “Oh, Be A Fine Girl (or Guy), Kiss Me!” 

( ConceptCheck 10-8 ) What principal characteristic of a star’s 
spectrum most dominates which spectra class letter of the alphabet it 
is assigned? 

Answer appears at the end of the chapter. 

Refining the Classification: Spectral Types 

Working with a team led by E. C. Pickering that included some 
of the most well-known early 20th-century astronomers such as 
Antonia Maury and Williamina Fleming, Annie Jump Cannon re¬ 
fined the original OBAFGKM sequence into even smaller catego¬ 
ries called spectral types. Each of these spectral type steps are 
indicated by attaching an number from 0 through 9 to the original 
letter. For example, the spectral class F includes spectral types 
F0, FI, F2, . . ., F8, F9, which are followed by the spectral types 
GO, Gl, G2, . . ., G8, G9, and so on. This effort culminated in 
the Henry Draper Catalogue, published between 1918 and 1924. 


It listed 225,300 stars, each of which Cannon had personally 
classified. 

Figure 10-9 shows representative spectra of several spectral 
types. The strengths of spectral lines change gradually from one 
spectral type to the next. For example, certain hydrogen absorption 
lines become increasingly prominent as you go from spectral type 
BO to AO. From AO onward through the F and G classes, the hydro¬ 
gen lines weaken and almost fade from view. The Sun, whose spec¬ 
trum is dominated by calcium and iron, is a G2 star. 

Based on new understanding of the structure of atoms, Harvard 
astronomer Cecilia Payne and Indian physicist Meghnad Saha dem¬ 
onstrated in the 1920s that the OBAFGKM spectral sequence is 
actually a sequence in temperature. The hottest stars are O stars. 
Their absorption lines can occur only if these stars have surface 
temperatures above 25,000 K. M stars are the coolest stars. The 
spectral features of M stars are consistent with stellar surface tem¬ 
peratures of about 3000 K. In other words, the sequence OBAFGKM 
is also a temperature sequence, from hottest to coldest. 

(ConceptCheck 10-9 ) Is a spectral class F2 star more similar to an 
A-spectral class star or a G-spectral class star? 
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Figure 10-9 RIVUXG 

Principal Types of Stellar Spectra Stars of different spectral classes and different 
surface temperatures have spectra dominated by different absorption lines. Notice 
how the Balmer lines of hydrogen (H a , H p , H , and H g ) are strongest for hot stars of 
spectral class A, while absorption lines due to calcium (Ca) are strongest in cooler K 
and M stars. The spectra of M stars also have broad, dark bands caused by molecules 


of titanium oxide (TiO), which can only exist at relatively low temperatures. A Roman 
numeral after a chemical symbol shows whether the absorption line is caused by 
un-ionized atoms (Roman numeral I) or by atoms that have lost one electron (Roman 
numeral II). (R. Bell, University of Maryland, and M. Briley, University of Wisconsin 
at Oshkosh) 
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( ConceptCheck 10-10 ) As spectral type numbers increase within 
the G-spectral class of star, do the larger numbers represent higher 
temperature stars? 

Answers appear at the end of the chapter. 

Why Surface Temperature 
Affects Stellar Spectra 

What astronomers understand today that they didn’t 100 years 
ago is that a star’s spectrum is profoundly affected by the star’s 
surface temperature. Hydrogen is by far the most abundant ele¬ 
ment in the universe, accounting for about three-quarters of the 
mass of a typical star. Yet these hydrogen lines do not necessarily 
show up in all stars’ spectra. As it turns out, these absorption lines 
are produced when an electron in the n = 2 orbit of hydrogen 
is lifted into a higher orbit by absorbing a photon with the right 
amount of energy. If the star is much hotter than 10,000 K, the 
photons pouring out of the star’s interior have such high energy 
that they easily knock electrons out of hydrogen atoms in the 
star’s surrounding atmosphere. This process ionizes the gas. With 
its only electron torn away, a hydrogen atom cannot produce 
any absorption lines. Hence, these lines will be relatively weak in 
the spectra of such hot stars, such as the hot O and B2 stars in 
Figure 10-9. 

Conversely, if the star’s atmosphere is much cooler than 
10,000 K, almost all the hydrogen atoms are in the lowest (n = 
1) energy state. Most of the photons passing through the star’s 
atmosphere possess too little energy to boost electrons up from 
the n = 1 to the n = 2 orbit of the hydrogen atoms. Hence, 
very few of these atoms will have electrons in the n = 2 orbit, and 
only these few can absorb these particular photons. As a result, 
these lines are nearly absent from the spectrum of a cool star. 
(You can see this in the spectra of the cool M0 and M2 stars in 
Figure 10-9.) 


For these hydrogen lines to be promi- For more information, 
nent in a star’s spectrum, the star must be see Looking Deeper 10.1, 
hot enough to excite the electrons out of Equivalent Widths and 
the ground state but not so hot that all the u ne Strengths 
hydrogen atoms become ionized. A stellar m 
surface temperature of about 9000 K pro¬ 
duces the strongest hydrogen lines; this is the case for the stars of 
spectral types A0 and A5 in Figure 10-9. Every other type of atom 
or molecule also has a characteristic temperature range in which it 
produces prominent absorption lines in the observable part of the 
spectrum. Figure 10-10 shows the relative strengths of absorption 
lines produced by different chemicals. By measuring the details of 
these lines in a given star’s spectrum, astronomers can accurately 
determine that star’s surface temperature. 

Astronomers use the term metals to refer to all elements other 
than hydrogen and helium. (This idiosyncratic use of the term 
“metal” is quite different from the definition used by chemists and 
other scientists. To a chemist, sodium and iron are metals but carbon 
and oxygen are not; to an astronomer, all of these substances are 
metals.) In this terminology, metals dominate the spectra of stars 
cooler than 10,000 K, whereas the hydrogen seemingly appears to 
be absent. 

Below 4000 K, certain atoms in a star’s atmosphere combine 
to form molecules. (At higher temperatures atoms move so fast that 
when they collide, they bounce off each other rather than “sticking 
together” to form molecules.) As these molecules vibrate and rotate, 
they produce bands of spectral lines that dominate the star’s spec¬ 
trum. Most noticeable are the lines of titanium oxide (TiO), which 
are strongest for surface temperatures of about 3000 K. 

(ConceptCheck 10-11 If hydrogen is the most abundant atom in 
a star, why do the spectra of hot stars show no prominent hydrogen 
lines? 

Answer appears at the end of the chapter. 


Figure 10-10 

The Strengths of Absorption Lines Each 
curve in this graph peaks at the stellar surface 
temperature for which that chemicals 
absorption line is strongest. For example, 
hydrogen (H) absorption lines are strongest in 
A stars with surface temperatures near 10,000 
K. Roman numeral I denotes neutral, un-ionized 
atoms; II, III, and IV denote atoms that are 
singly, doubly, or triply ionized (that is, have 
lost one, two, or three electrons). 
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Spectral Classes for Brown Dwarfs 

Since 1995 astronomers have found a number of stars with surface 
temperatures even lower than those of spectral class M. Strictly 
speaking, these are not stars, but not really planets either. These 
“substars” are too small to sustain thermonuclear fusion in their 
cores. Instead, these objects glow primarily from the heat released 
by contraction. They are widely known as brown dwarfs. 

To describe brown dwarf spectra, usually observed with infra¬ 
red telescopes, astronomers have defined two new spectral classes, 
L and T. Thus, the modern spectral sequence of stars and brown 
dwarfs from hottest to coldest surface temperature is OBAFGKMLT. 
(Can you think of a new mnemonic that includes L and T?) For 
example, Figure 10-11 shows a star of spectral class K and a brown 
dwarf of spectral class T. 

Considering the wide range of star temperatures, astronomers 
are now in a position to interpret spectra in order to determine the 
composition of stars. As it turns out, when the effects of tempera¬ 
ture are accounted for, astronomers find that all stars have essen¬ 
tially the same chemical composition. We can state the results as a 
general rule: 

By mass, almost all stars (including the Sun) and brown dwarfs are 
about three-quarters hydrogen, one-quarter helium, and 1% or less 
metals. 



Figure 10-11 RIVUXG 

An Infrared Image of Brown Dwarf HD 3651B The star HD 3561 is of spectral class K, with 
a surface temperature of about 5200 K. (HD refers to the Henry Draper Catalogue.) In 2006 
it was discovered that HD 3651 is orbited by a brown dwarf named HD 3651B with a surface 
temperature between 800 and 900 K and a luminosity just 1/300,000 that of the Sun. 

The brown dwarf emits most of its light at infrared wavelengths, so an infrared telescope 
was used to record this image. The hotter and more luminous star HD 3651 is greatly 
overexposed in this image and appears much larger than its true size. HD 3651 and HD 3651B 
are both 11 pc (36 ly) from Earth in the constellation Pisces (the Fish); the other stars in this 
image are much farther away. (M. Mugrauer and R. Neuhauser, U. of Jena; A. Seifahrt, 
ESO; and T. Mazeh, Tel Aviv U.) 


Our Sun is about 1% metals by mass, as are most of the stars you 
can see with the naked eye. But some stars have an even lower 
percentage of metals. 

(ConceptCheck10-12 Which brown dwarf is hotter, an L or a T? 

(ConceptCheck 10-13 ) If our Sun is many times hotter, many 
times larger, and has more active nuclear reactions than a brown dwarf 
does, what do they have common? 

Answers appear at the end of the chapter. 


(jtiH.l Stars come in a wide variety of sizes 
and masses 


, With even the best telescopes, most stars appear as little 
M more than tiny points of light. On a photograph or CCD 
image, brighter stars appear larger than dim ones (see 
Figures 10 -5b and 10-11), but these apparent sizes give no indica¬ 
tion of the star’s actual size. So, how could you determine the di¬ 
ameter of an object that is so distant it has no apparent size? One 
strategy is to combine information about a star’s luminosity (deter¬ 
mined from its distance and apparent brightness) and its surface 
temperature (determined from its spectral type). 

Calculating the Radii of Stars 

The key to finding a star’s radius from its The Stefan-Boltzmann law 
luminosity and surface temperature is the j s introduced in Section 2-3. 
Stefan-Boltzmann law. This law says that M 

the amount of energy radiated per second from a square meter of a 
blackbody’s surface—that is, the energy flux ( F )—is proportional to 
the fourth power of the temperature of that surface (T), as given by 
the equation F = aT 4 . This relationship applies very well to stars. 
(Absorption lines, while important for determining the star’s chemi¬ 
cal composition and surface temperature, make only relatively small 
modifications to a star’s spectrum.) 

A star’s luminosity is the amount of energy emitted per second 
from its entire surface. This equals the energy flux F multiplied by 
the total number of square meters on the star’s surface (that is, the 
star’s surface area). We expect that most stars are nearly spherical, 
like the Sun, so we can use the formula for the surface area of a 
sphere. This is 47iR 2 , where R is the star’s radius (the distance from 
its center to its surface). Multiplying together the formulas for en¬ 
ergy flux and surface area to make a powerful mathematical rela¬ 
tionship that can be easily applied, we can write the star’s luminosity 
as follows: 

Relationship between a star’s luminosity, radius, and surface 
temperature 


L = 4n R 2 cT 4 

L = star’s luminosity, in watts 
R = star’s radius, in meters 

a = Stefan-Boltzmann constant = 5.67 x 10 -8 W m -2 K -4 
T = star’s surface temperature, in degrees Kelvin 
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This equation says that a relatively cool star (low surface tem¬ 
perature T), for which the energy flux is quite low, can nonetheless 
be very luminous if it has a large enough radius R. Alternatively, a 
relatively hot star (large T) can have a very low luminosity if the 
star has only a little surface area (small R). 

Box 10-1 describes how to use the above equation to calculate 
a star’s radius if its luminosity and surface temperature are known. 


We can express the idea behind these calculations in terms of the 
following general rule: 

We can determine the radius of a star from its luminosity and sur¬ 
face temperature. For a given luminosity, the greater the surface 
temperature, the smaller the radius must be. For a given surface tem¬ 
perature, the greater the luminosity, the larger the radius must be. 


BOX 10-1 


Tools of the Astronomer's Trade 


Stellar Radii, Luminosities, and Surface Temperatures 

B ecause stars emit light in almost exactly the same fashion as 
blackbodies, we can use the Stefan-Boltzmann law to relate a 
star’s luminosity (L), surface temperature (T), and radius (R). The 
relevant equation is 

L = 4nR 2 oT 4 


As written, this equation involves the Stefan-Boltzmann con¬ 
stant a, which is equal to 5.67 X 10“ 8 W m“ 2 K“ 4 . In many cal¬ 
culations, it is more convenient to relate everything to the Sun, 
which is a typical star. Specifically, for the Sun we have L Q = 
4 ttR 0 2 gT 0 4 , where L Q is the Sun’s luminosity, R Q is the Sun’s ra¬ 
dius, and T Q is the Sun’s surface temperature (equal to 5800 K). 
Dividing the general equation for L by this specific equation for 
the Sun, we obtain 


L 

lI 


f 


v 



f 


V 



This is an easier formula to use because the constant a has 
cancelled out. We can also rearrange terms to arrive at a useful 
equation for the radius (R) of a star: 

Radius of a star related to its luminosity and surface 
temperature 



RJ R q = ratio of the star’s radius to the Sun’s radius 

T q /T = ratio of the Sun’s surface temperature to the star’s surface 

temperature 

LA L Q = ratio of the star’s luminosity to the Sun’s luminosity 

EXAMPLE: The bright reddish star Betelgeuse in the constellation 
Orion (see Figure 2-2 or Figure 6-30c) is 60,000 times more lu¬ 
minous than the Sun and has a surface temperature of 3500 K. 
What is its radius? 


Tools: We use the above equation to find the ratio of the star’s 
radius to the radius of the Sun, R/ R Q . Note that we also know the 
Sun’s surface temperature, T Q = 5800 K. 


Answer: Substituting these data into the above equation, we get 


R 

R~ 


5800 kY 
,3500K, 


V6X10 4 =670 


Review: Our result tells us that Betelgeuse’s radius is 670 times 
larger than that of the Sun. The Sun’s radius is 6.96 X 10 5 km, so 
we can also express the radius of Betelgeuse as (670)(6.96 X 10 5 
km) = 4.7 X 10 8 km. This is more than 3 AU. If Betelgeuse were 
located at the center of our solar system, it would extend beyond 
the orbit of Mars! 


EXAMPLE: Sirius, the brightest star in the sky, is actually two stars 
orbiting each other (a binary star). The less luminous star, Sirius 
B, is a white dwarf that is too dim to see with the naked eye. Its 
luminosity is 0.0025 L Q and its surface temperature is 10,000 K. 
How large is Sirius B compared to the Earth? 

Situation: Again we are asked to find a star’s radius from its lu¬ 
minosity and surface temperature so we can compare it to the 
Earth’s size. 


Tools: We use the same equation as in the preceding example. 
Answer: The ratio of the radius of Sirius B to the Sun’s radius is 


R 

R~ 


' 5800 K "j 

,10,000 k. 


V0.0025 =0.017 


Since the Sun’s radius is R Q = 6.96 X 10 5 km, the radius of 
Sirius B is (0.0 1 7)(6.96 X 10 5 km) = 12,000 km. Because the 
Earth’s radius (half its diameter) is 6378 km, this star is only about 
twice the radius of the Earth. 


Situation: We are given the star’s luminosity L = 60,000 L Q and 
its surface temperature T = 3500 K. Our goal is to find the star’s 
radius R. 


Review: Although Sirius B’s radius is large compared to a terres¬ 
trial planet, it is a minuscule size for a star. The name dwarf is 
well deserved! 
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ANALOGY In a similar way, a roaring campfire can emit more light 
than a welder’s torch. The campfire is at a lower temperature than 
the torch but has a much larger surface area from which it emits 
light. 

( ConceptCheck 10-14 What makes lighting a candle using a 
large, roaring bonfire much more difficult than using a hand lighter of 
the same temperature? 

C alClllationCheck 10-3 ) If two stars are at the same 
temperature, but one is 3 times larger, how many times more luminous 
is it? 

Answers appear at the end of the chapter. 

Determining a Star's Size from Its Spectrum 

You might wonder if the details of a star’s size can be deduced from 
characteristics of its absorption spectrum, and in fact they can be. 
Figure 10-12 compares the spectra of two stars of the same spectral 
type and temperature but different luminosity (and hence different 
size): a B8 supergiant star and a more common B8 star. Note that 
the most prominent lines of hydrogen are narrow in the spectrum 
of the very large, very luminous supergiant but quite broad in the 
spectrum of the small, less luminous star. In general, for stars of 
spectral types B through F, the larger and more luminous the star, 
the narrower is its hydrogen line. 

Fundamentally, these differences between stars of different lu¬ 
minosity are due to differences between the stars’ atmospheres, 
where absorption lines are produced. Hydrogen lines in particular 
are affected by the density and pressure of the gas in a star’s atmo¬ 
sphere. The higher the density and pressure, the more frequently 
hydrogen atoms collide and interact with other atoms and ions in 



(a) A supergiant star has a low-density, low-pressure atmosphere: 
its spectrum has narrow absorption lines 

¥y ¥« 

i i 



(b) A main-sequence star has a denser, higher-pressure atmosphere: 
its spectrum has broad absorption lines 

Figure 10-12 RIVUXG 

How a Star’s Size Affects Its Spectrum These are the spectra of two stars of the same 
spectral type (B8) and surface temperature (13,400 K) but different radii and luminosities: 
(a) the B8 supergiant Rigel (luminosity 58,000 L Q ) in Orion, and (b) the B8 main-sequence 
star Algol (luminosity 100 L Q ) in Perseus. (From W. W. Morgan, P. C. Keenan, and £ 
Kellman, An Atlas of Stellar SpectraJ 


the atmosphere. These collisions shift the energy levels in the hy¬ 
drogen atoms and thus broaden the hydrogen spectral lines. 

Astronomers find that stars come in a wide range of sizes. The 
smallest stars visible through ordinary telescopes, called white 
dwarfs, are about the same size as the Earth. Although their surface 
temperatures can be very high (25,000 K or more), white dwarfs 
have so little surface area that their luminosities are very low (less 
than 0.01 L Q ). The largest stars, called super giants, are a thousand 
times larger in radius than the Sun and 10 5 times larger than white 
dwarfs. If our own Sun were replaced by one of these supergiants, 
the Earth’s orbit would lie completely inside the star! (White dwarfs 
and supergiants are covered in more detail in Section 10-7.) 

In the atmosphere of a luminous giant star, the density and 
pressure are quite low because the star’s mass is spread over a huge 
volume. Atoms and ions in the atmosphere are relatively far apart; 
hence, collisions between them are sufficiently infrequent that hy¬ 
drogen atoms can produce narrower lines. A smaller star, however, 
is much more compact than a giant or supergiant. In the denser 
atmosphere of a typical, Sunlike star, frequent interatomic collisions 
perturb the energy levels in the hydrogen atoms, thereby producing 
broader lines. 

C ConceptCheck 10-15 What about the nature of atoms in 
Sunlike stars makes the notion that the “larger stars have the broadest 
absorption lines” incorrect? 

Answer appears at the end of the chapter. 

Observing Binary Star Systems 
Reveals the Masses of Stars 

We now know something about the sizes, temperatures, and lumi¬ 
nosities of stars. To complete our picture of the physical properties 
of stars, we need to know their masses. In this section, we will see 
that stars come in a wide range of masses. We will also discover an 
important relationship between the mass and luminosity of unique 
stars. This relationship is crucial to understanding why some stars 
are hot and luminous, while others are cool and dim. It will also 
help us understand what happens to a star as it ages and evolves. 

Determining the masses of stars is not trivial, however. The 
problem is that there is no practical, direct way to measure the 
mass of an isolated star. Fortunately for astronomers, about half 
of the visible stars in the night sky are not isolated individuals. 
Instead, they are multiple-star systems, in which two or more 
stars orbit each other. By carefully observing the motions of these 
stars, astronomers can glean important information about their 
masses. 

A pair of stars located at nearly the same position in the night 
sky is called a double star. The Anglo-German astronomer William 
Herschel made the first organized search for such pairs. Between 
1782 and 1821, he published three catalogs listing more than 800 
double stars. Late in the nineteenth century, his son, John Herschel, 
discovered 10,000 more doubles. Some of these double stars are 
two stars that lie along nearly the same line of sight but are actually 
at very different distances from us. But many double stars are true 
binary stars, or binaries—pairs of stars that actually orbit each 
other. Figure 10-13 shows an example of this orbital motion. By 















24a 


CHAPTER 10 



Figure 10-13 RIVUXG 

A Binary Star System As seen from Earth, the two stars that make up the binary system 
called 2MASSW J0746425 + 20 00321 are separated by less than 1/3 arcsecond. The 
images surrounding the center diagram show the relative positions of the two stars over 
a four-year period. These images were made by the Hubble Space Telescope (HST), the 


European Southern Observatory’s Very Large Telescope (VLT), and Keck I and Gemini 
North in Hawaii (see Figure 2-32). For simplicity, the diagram shows one star as remaining 
stationary; in reality, both stars move around their common center of mass. (H. Bouy et 
oi, MPE and ESO) 


observing the binary over an extended period, astronomers can plot 
the orbit that one star appears to describe around the other, as 
shown in the center diagram in Figure 10-13. 

In fact, both stars in a binary system are in motion: They or¬ 
bit each other because of their mutual gravitational attraction, 
. , . and their orbital motions can be calcu- 

ep ers aws are lated by adapting Kepler’s third law for 

introduced in Section 3-4. planet orbits to multiple star systems, as 

follows: 

Kepler’s third law for binary star systems 

a 3 

M + M = — 

1 2 p2 

M v M 2 = masses of two stars in binary system, in solar masses 
a — semimajor axis of one star’s orbit around the other, in AU 
P = orbital period, in years 


Here a is the semimajor axis of the elliptical orbit that one star 
appears to describe around the other, plotted as in the center dia¬ 
gram in Figure 10-13. As this equation indicates, if we can measure 
this semimajor axis (a) and the orbital period (P), we can learn 
something about the masses of the two stars. 

In principle, the orbital period of a visual binary is easy to de¬ 
termine. All you have to do is see how long it takes for the two stars 
to revolve once about each other. The two stars shown in Figure 
10-13 are relatively close, about 2.5 AU on average, and their orbital 
period is only 10 years. Many binary systems have much larger sep¬ 
arations, however, and the period may be so long that more than one 
astronomer’s lifetime is needed to complete the observations. 

Each of the two stars in a binary system actually moves in an 
elliptical orbit about the center of mass of the system. Imagine two 
children sitting on opposite ends of a seesaw (Figure 10-14 a). For 
the seesaw to balance properly, they must position themselves so 
that their center of mass—an imaginary point that lies along a line 
connecting their two bodies—is at the fulcrum, or pivot point of 
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The center of mass of 
the system of two children 
is nearer to the more 
massive child. 



(a) A “binary system” of two children 


^ Figure 10-14 

Center of Mass in a Binary Star System (a) A seesaw balances if the fulcrum 
is at the center of mass of the two children, (b) The members of a binary star system orbit 


The center of mass of 
the binary star system 
is nearer to the more 
massive star. 



(b) A binary star system 


around the center of mass of the two stars. Although their elliptical orbits cross each other, 
the two stars are always on opposite sides of the center of mass and thus never collide. 


the seesaw. If the two children have the same mass, the center of 
mass lies midway between them, and they should sit equal distances 
from the fulcrum. If their masses are different, the center of mass is 
closer to the heavier child. 

Just as the seesaw naturally balances at its center of mass, the 
two stars that make up a binary system naturally orbit around their 
center of mass (Figure 10-14 b). The center of mass always lies 
along the line connecting the two stars and is closer to the more 
massive star. 

The center of mass of a visual binary is located by plotting the 
separate orbits of the two stars, as in Figure 10-1 Ab, using the 
background stars as reference points. The center of mass lies at the 
common focus of the two elliptical orbits. Comparing the relative 
sizes of the two orbits around the center of mass yields the ratio of 
the two stars’ masses, M 1 /M 2 . The sum M 1 + M 2 is already known 
from Kepler’s third law, so the individual masses of the two stars 
can then be determined. 

ConceptCheck10-16 If two stars in a binary system were 
moved farther apart, how would their masses and orbital periods 
change? 

Answer appears at the end of the chapter. 


(Trig* Hertzsprung-Russell (H-R) diagrams 
reveal the different kinds of stars 


oj 1A i / Astronomers have collected a wealth of data about the 


stars, but merely having tables of numerical data is not 
enough. Like all scientists, astronomers want to analyze 
their data to look for trends and underlying principles. One of the 
best ways to look for trends in any set of data, whether it comes 
from astronomy, finance, medicine, or meteorology, is to create a 


graph showing how one quantity depends on another. For example, 
investors consult graphs of stock market values versus dates, and 
weather forecasters make graphs of temperature versus altitude to 
determine whether thunderstorms will form. Astronomers have 
found that a particular graph of stellar properties shows that stars 
fall naturally into just a few categories. This graph, one of the most 
important in all astronomy, will help us understand how stars form, 
evolve, and eventually die. 

H-R Diagrams 

Which properties of stars should we include in a graph? Most stars 
have about the same chemical composition, but two properties of 
stars—their luminosities and surface temperatures—differ substan¬ 
tially from one star to another. What do we learn when we graph 
the luminosities of stars versus their surface temperatures? 

The first answer to this question was given in 1911 by the Dan¬ 
ish astronomer Ejnar Hertzsprung. He pointed out that a regular 
pattern appears when the absolute magnitudes of stars (which mea¬ 
sure their luminosities) are plotted against their colors (which 
measure their surface temperatures). Two years later, the American 
astronomer Henry Norris Russell independently discovered a simi¬ 
lar regularity in a graph using spectral types (another measure of 
surface temperature) instead of colors. In recognition of their origi¬ 
nators, graphs of this kind are today known as Hertzsprung-Russell 
diagrams, or H-R diagrams (Figure 10-15). 

Figure 10-15^ is a typical Hertzsprung-Russell diagram. Each 
dot represents a star whose spectral type and luminosity have been 
determined. The most luminous stars are near the top of the dia¬ 
gram, the least luminous stars near the bottom. Hot stars of spectral 
classes O and B are toward the left side of the graph and cool stars 
of spectral class M are toward the right. 

CAUTION You are probably accustomed to graphs in which the 
numbers on the horizontal axis increase as you move to the right. 
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(a) A Hertzsprung-Russell (H-R) diagram 


Figure 10-15 

Hertzsprung-Russell (H-R) Diagrams On an H-R diagram, the luminosities 
(or absolute magnitudes) of stars are plotted against their spectral types (or surface 
temperatures), (a) The data points are grouped in just a few regions on the graph, 
showing that luminosity and spectral type are correlated. Most stars lie along the red 
curve called the main sequence. Giants like Arcturus, as well as supergiants like Rigel 
and Betelgeuse, are above the main sequence, and white dwarfs like Sirius B are below 



(b) The sizes of stars on an H-R diagram 


it. (b) The blue curves on this H-R diagram enclose the regions of the diagram in which 
different types of stars are found. The dashed diagonal lines indicate different stellar 
radii. For a given stellar radius, as the surface temperature increases (that is, moving from 
right to left in the diagram), the star glows more intensely and the luminosity increases 
(that is, moving upward in the diagram). Note that the Sun is intermediate in luminosity, 
surface temperature, and radius. 


(For example, the business section of a newspaper includes a graph 
of stock market values versus dates, with later dates to the right of 
earlier ones.) But on an H-R diagram the temperature scale on the 
horizontal axis increases toward the left. This practice stems from 
the original diagrams of Hertzsprung and Russell, who placed hot 
O stars on the left and cool M stars on the right. This arrangement 
is a tradition that no one has seriously tried to change. 

The most striking feature of the H-R diagram is that the data 
points are not scattered randomly over the graph but are grouped 
in a few distinct regions. The luminosities and surface temperatures 
of stars do not have random values; instead, these two quantities 
are related! The band stretching diagonally across the H-R diagram 
includes about 90% of the stars in the night sky. This band, called 
the main sequence, extends from the hot, luminous, blue stars in 
the upper left corner of the diagram to the cool, dim, red stars in 


the lower right corner. A star whose properties place it in this region 
of an H-R diagram is called a main-sequence star. The Sun (spectral 
type G2, luminosity 1 L Q , absolute magnitude +4.8) is such a star. 
We will find that all main-sequence stars are like the Sun in that 
hydrogen fusion —thermonuclear reactions that convert hydrogen 
into helium—is taking place in their cores. 

The upper right side of the H-R diagram shows a second major 
grouping of data points. Stars represented by these points are both 
luminous and cool. From the Stefan-Boltzmann law, we know that 
a cool star radiates much less light per unit of surface area than a 
hot star. In order for these stars to be as luminous as they are, they 
must be huge, and so they are called giants. These stars are around 
10 to 100 times larger than the Sun. You can see this in Figure 
10-1 5b, which is an H-R diagram to which dashed lines have 
been added to represent stellar radii. Most giant stars are around 
100 to 1000 times more luminous than the Sun and have surface 
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temperatures of about 3000 to 6000 K. Cooler members of this 
class of stars (those with surface temperatures from about 3000 to 
4000 K) are often called red giants because they appear reddish. 
The bright yellowish stars in the image that opens this chapter are 
red giants. (Notice how they outshine the blue stars in this image, 
which are at the same distance from Earth as the red giants but are 
smaller and less luminous.) A number of red giants can easily be 
seen with the naked eye, including Aldebaran in the constellation 
Taurus and Arcturus in Bootes. 

A few rare stars are considerably bigger and brighter than typi¬ 
cal red giants, with radii up to 1000 R Q . Appropriately enough, 
these superluminous stars are called supergiants. Betelgeuse in 
Orion and Antares in Scorpius are two supergiants you can find in 
the nighttime sky. Together, giants and supergiants make up about 

I % of the stars in the sky. Both giants and supergiants have ther¬ 
monuclear reactions occurring in their interiors, but the character 
of those reactions and where in the star they occur can be quite 
different than for a main-sequence star like the Sun. 

The remaining 9% of stars form a distinct grouping of data 
points toward the lower left corner of the Hertzsprung-Russell 
diagram. Although these stars are hot, their luminosities are quite 
low; hence, they must be small. They are appropriately called white 
dwarfs. These stars, which are so dim that they can be seen only 
with a telescope, are approximately the same size as the Earth. No 
thermonuclear reactions take place within white dwarf stars. Rather, 
like embers left from a fire, they are the still-glowing remnants of 
what were once giant stars. 

By contrast, brown dwarfs are objects that will never become 
stars. They are comparable in radius to the planet Jupiter. The study 
of brown dwarfs is still in its infancy, but it appears that there may 
be twice as many brown dwarfs as there are “real” stars. 

ANALOGY You can think of white dwarfs as “has-been” stars whose 
days of glory have passed. In this analogy, a brown dwarf is a 
“never-will-be.” 

The existence of fundamentally different types of stars is the 
first important lesson to come from the H-R diagram. In Chapters 

II and 12 we will find that these different types represent various 
stages in the lives of stars. We will use the H-R diagram as an es¬ 
sential tool for understanding how stars evolve. 

( ConceptCheck 10-17 Where on the H-R diagram are the stars 
with the greatest luminosity and highest temperatures? 

Answer appears at the end of the chapter. 

Main-Sequence Masses and the 
Mass-Luminosity Relation 

Years of careful, patient observations of binaries have slowly yielded 
the masses of many stars. As the data accumulated, an important 
trend began to emerge: For main-sequence stars, there is a direct 
correlation between mass and luminosity. The more massive a main- 
sequence star, the more luminous it is. Figure 10-16 depicts this 
mass-luminosity relation as a graph. The range of stellar masses 
extends from less than 0.1 of a solar mass to more than 50 solar 
masses. The Sun’s mass lies between these extremes. 
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Figure 10-16 

The Mass-Luminosity Relation For main-sequence stars, there is a direct correlation 
between mass and luminosity—the more massive a star, the more luminous it is. A main- 
sequence star of mass 10 M Q (that is, 10 times the Suns mass) has roughly 3000 times the 
Sun’s luminosity (3000 L Q ); one with 0.1 M Q has a luminosity of only about 0.001 L Q . 

The Cosmic Connections figure depicts the mass-luminosity 
relation for main-sequence stars on an H-R diagram. This figure 
shows that the main sequence on an H-R diagram is a progression 
in mass as well as in luminosity and surface temperature. The hot, 
bright, bluish stars in the upper left corner of an H-R diagram are 
the most massive main-sequence stars. Likewise, the dim, cool, red¬ 
dish stars in the lower right corner of an H-R diagram are the least 
massive. Main-sequence stars of intermediate temperature and lu¬ 
minosity also have intermediate masses. 

The mass of a main-sequence star also helps determine its ra¬ 
dius. Referring back to Figure 10-15 b, we see that if we go along 
the main sequence from low luminosity to high luminosity, the 
radius of the star increases. Thus we have the following general rule 
for main-sequence stars: 

The greater the mass of a main-sequence star, the greater its lumi¬ 
nosity, its surface temperature, and its radius. 

Why is mass the controlling factor in determining the properties of 
a main-sequence star? The answer is that all main-sequence stars are 
objects like the Sun, with essentially the same chemical composition 
as the Sun but with different masses. Like the Sun, all main-sequence 
stars shine because thermonuclear reactions at their cores convert 
hydrogen to helium and release energy. The greater the total mass 
of the star, the greater the pressure and temperature at the core, the 


















COSMIC CONNECTIONS! Z Sas n ses equence 

The main sequence is an arrangement of stars according to their 
mass. The most massive main-sequence stars have the greatest 
luminosity, largest radius, and highest surface temperature. This 
is a consequence of the behavior of thermonuclear reactions at 
the core of a main-sequence star. 


Each dot represents a 
main-sequence star. The 
number next to each dot 
is the mass of that star in 
solar masses 
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• A star with 60 solar masses has much higher 
pressure and temperature at its core than does the 
Sun. 

• This causes thermonuclear reactions in the core to 
occur much more rapidly and release energy at a 
much faster rate — 790,000 times faster than in 
the Sun. 

• Energy is emitted from the star’s surface at the 
same rate that it is released in the core, so the star 
has 790,000 times the Sun’s luminosity. 

• The tremendous rate of energy release also heats 
the star’s interior tremendously, increasing the star’s 
internal pressure. This inflates the star to 15 times 
the Sun’s radius. 

• The star’s surface must be at a high temperature 
(about 44,500 K) in order for it to emit energy into 
space at such a rapid rate. 


0.21-solar-mass star 
shown to scale 


• A star with 0.21 solar mass has much lower 
pressure and temperature at its core than does the 
Sun. 

• This causes thermonuclear reactions in the core to 
occur much more slowly and release energy at a 
much slower rate — 0.011 times as fast as in the 
Sun. 

• Energy is emitted from the star’s surface at the 
same rate that it is released in the core, so the star 
has 0.011 of the Sun’s luminosity. 

• The low rate of energy release supplies relatively 
little heat to the star’s interior, so the star’s internal 
pressure is low. Hence the star’s radius is only 0.33 
times the Sun’s radius. 

• The star’s surface need be at only a low 
temperature (about 3200 K) to emit energy into 
space at such a relatively slow rate. 


Surface temperature (K) 


Observing Properties of Distant Stars 


251 


more rapidly thermonuclear reactions take place in the core, and the 
greater the energy output—that is, the luminosity—of the star. In 
other words, the greater the mass of a main-sequence star, the 
greater its luminosity. This statement is just the mass-luminosity 
relation, which we can now recognize as a natural consequence of 
the nature of main-sequence stars. 

Like the Sun, main-sequence stars are in a state of both hy¬ 
drostatic equilibrium and thermal equilibrium. Calculations using 
models of a main-sequence star’s interior show that to maintain 
equilibrium, a more massive star must have a larger radius and 
a higher surface temperature. This is just what we see when we plot 
the curve of the main sequence on an H-R diagram (see Figure 10- 
1 5 b). As you move up the main sequence from less massive stars 
(at the lower right in the H-R diagram) to more massive stars (at 
the upper left), the radius and surface temperature both increase. 

CAUTION The mass-luminosity relation we have discussed applies 
to main-sequence stars only. There are no simple mass-luminosity 
relations for giant, supergiant, or white dwarf stars. We will find 
that main-sequence stars evolve into giant and supergiant stars, and 
that some of these eventually end their lives as white dwarfs. 

( ConceptCheck10-18 The brightest of the main-sequence stars 
have what other relatively large characteristics? 

Answer appears at the end of the chapter. 

Luminosity Classes 

In the 1930s, W. W. Morgan and R C. Keenan of the Yerkes Obser¬ 
vatory of the University of Chicago developed a system of luminos¬ 
ity classes based upon the subtle differences in spectral lines. When 
these luminosity classes are plotted on a graph of luminosity versus 
spectral type (Figure 10-17), they provide a useful subdivision of 
the star types in the upper right of the diagram. Luminosity classes 
la and lb are composed of supergiants; luminosity class V includes 
all the main-sequence stars. The intermediate classes distinguish 
giant stars of various luminosities. Note that for stars of a given 
surface temperature (that is, a given spectral type), the higher the 
number of the luminosity class, the lower the star’s luminosity. 
These different luminosity classes represent different stages in the 
evolution of a star. White dwarfs are not given a luminosity class 
of their own as they represent a final stage in stellar evolution in 
which no thermonuclear reactions take place. 

Astronomers commonly use a shorthand description that com¬ 
bines a star’s spectral type and its luminosity class. For example, the 
Sun is said to be a G2 V star. The spectral type indicates the star’s 
surface temperature, and the luminosity class indicates its luminos¬ 
ity. Thus, an astronomer knows immediately that any G2 V star is a 
main-sequence star with a luminosity of about 1 L Q and a surface 
temperature of about 5800 K. Similarly, a description of Aldebaran 
as a K5 III star tells an astronomer that it is a red giant with a lumi¬ 
nosity of around 370 L Q and a surface temperature of about 4000 K. 

C ConceptCheck10-19 How does a K5 V star compare to a K5 II 
star in terms of temperature, luminosity, and radius? 

Answer appears at the end of the chapter. 


^-Surface temperature (K) 

25,000 10,000 8000 6000 5000 4000 3000 



05 B0 A0 F0 GO K0 M0 M8 
Spectral type 


Figure 10-17 

Luminosity Classes The H-R diagram is divided into regions corresponding to stars of 
different luminosity classes. (White dwarfs do not have their own luminosity class.) A 
star’s spectrum reveals both its spectral type and its luminosity class; from these, the star’s 
luminosity can be determined. 

Spectroscopic Parallax 

Now we are in a position to put all of these ideas together to more 
accurately determine distances to stars. Before, the best strategy we 
had in determining distance was parallax, but this only works for 
the nearest stars. Now, using the H-R diagram, we can combine 
brightness, luminosity, and spectral class together to determine dis¬ 
tance for the most distant stars. As an example, consider the star 
Pleione in the constellation Taurus. Its spectrum reveals Pleione to 
be a B8 V star (a hot, blue, main-sequence star, like the one in Figure 
10-\2b). Using Figure 10-17, we can read off that such a star’s lu¬ 
minosity is 190 L Q . Given the star’s luminosity and its apparent 
brightness—in the case of Pleione, 3.9 X 10“ 13 of the apparent 
brightness of the Sun—we can use the inverse-square law to deter¬ 
mine its distance from the Earth. 

This method for determining distance, in which the luminosity 
of a star is found using spectroscopy, is called spectroscopic parallax. 
Figure 10-18 summarizes the method of spectroscopic parallax. 
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Figure 10-18 

The Method of Spectroscopic Parallax If a star is too far away, its 
parallax angle is too small to allow a direct determination of its distance. 
This flowchart shows how astronomers deduce the properties of such a 
distant star. Note that the H-R diagram plays a central role in determining 
the star’s luminosity from its spectral type and luminosity class. Just as 
for nearby stars, the stars chemical composition is determined from its 
spectrum, and the star’s radius is calculated from the luminosity and 
surface temperature. 
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CAUTION The name “spectroscopic parallax” is a bit misleading, 
because no parallax angle is involved! The idea is that measuring 
the star’s spectrum takes the place of measuring its parallax as a 
way to find the star’s distance. A better name for this method, al¬ 
though not the one used by astronomers, would be “spectroscopic 
distance determination.” 

Spectroscopic parallax is an incredibly powerful technique. No 
matter how remote a star is, this technique allows astronomers to 
determine its distance, provided only that its spectrum and apparent 
brightness can be measured. Unfortunately, spectroscopic parallax 
has its limitations; distances to individual stars determined using 
this method are only accurate to at best 10%. The reason is that 
the luminosity classes shown in Figure 10-17 are not thin lines on 
the H-R diagram but are moderately broad bands. Hence, even if 
a star’s spectral type and luminosity class are known, there is still 
some uncertainty in the luminosity that we read off an H-R dia¬ 
gram. Nonetheless, spectroscopic parallax is often the only means 
that an astronomer has to estimate the distance to remote stars. 

Key Ideas and Terms 

10-1 Measuring the distances to the nearby stars utilizes an effect called 
parallax 

• Stellar parallax is the apparent change in position of a star due to 
Earth’s motion around our Sun and is used to measure the distance to 
nearby stars. 


• The parallax angle, p, is equal to half the angle through which a star’s 
apparent position changes due to the change in position of an 
observer. 

• A star with a parallax angle of 1 second of arc (p = 1 arcsec) is 
defined to have a distance of 1 parsec (d — 1 pc), which is 3.26 ly. 

10-2 A star’s brightness can be described in terms of luminosity or 

magnitude 

• How bright a star appears in the sky for an Earth-based observer is 
called its apparent magnitude, with the brightest stars having the 
lowest numbers. 

• Without a telescope, the brightest stars are magnitude 1 stars and the 
dimmest stars are magnitude 6 stars. 

• The magnitude of a star if it were at a distance of 10 parsecs is its 
absolute magnitude, and it is a quantity that reflects a star’s true 
energy output so it can be compared to other stars. 

10-3 A star’s distance can be determined by comparing its luminosity and 

brightness 

• A star’s luminosity is the total amount of energy a star emits each 
second. 

• The inverse-square law relationship states that the apparent brightness 
of light that an observer can see or measure is inversely proportional 
to the square of the observer’s distance (d) from the source. 

• For a given distance, the brighter the star, the more luminous that star 
must be. For a given apparent brightness, the more distant the star, the 
more luminous it must be to be seen at that distance. 





























The H-R Diagram 



PROMPT: What would you tell a fellow student who said, “The H-R 
diagram is a plot of distance versus color and shows that stars of 
all types are evenly distributed around the galaxy/’ 


ENTER RESPONSE: 


Guiding Questions 

1. The horizontal axis of the H-R diagram is 

a. distance. 

b. brightness. 

c. either temperature or spectral class. 

d. either luminosity or absolute magnitude. 

2. The farther from the horizontal axis a star plots, the greater its 

a. temperature. 

b. distance. 

c. spectral class. 

d. luminosity or absolute magnitude. 

3. The number of red dwarf main-sequence stars is 

a. vastly greater than all other types of stars. 

b. about the same as all other types of stars. 

c. about the same as giant stars. 

d. about the same as white dwarfs. 

4. Objects that are relatively hot but still quite dim are 

a. giant stars. 

b. supergiant stars. 

c. white dwarfs. 

d. main-sequence stars. 


10-4 A star’s color depends on its surface temperature 

• The primary wavelength of light emitted by a star is dependent on its 
temperature, with higher temperature stars emitting relatively greater 
amounts of short wavelength light. 

• Red stars are relatively cold, with low surface temperatures. 

• Blue stars are relatively hot, with high surface temperatures. 

10-5 The spectra of stars reveal their chemical compositions as well as 
surface temperatures and sizes 

• Stars are categorized into spectral classes, designated by letters, that 
are organized by details of their spectrum. 

• Star are further subdivided into spectral classes and numbered 0-9. 

• From hottest to coolest, the sequence of spectral classes is 

OBAFGKM. 


• Substars too small to sustain thermonuclear fusion in their cores are 
widely known as brown dwarfs. 

• By mass, almost all stars (including the Sun) and brown dwarfs are 
about three-quarters hydrogen, one-quarter helium, and 1 % or less 
metals. 

10-6 Stars come in a variety of sizes and masses 

• The key to finding a star’s radius from its luminosity and surface 
temperature is the Stefan-Boltzmann law. 

• We can determine the radius of a star from its luminosity and surface 
temperature. For a given luminosity, the greater the surface temperature, 
the smaller the radius must be. For a given surface temperature, the 
greater the luminosity, the larger the radius must be. 

• Double stars are two stars that lie along nearly the same line of sight 
but are actually at very different distances from us. 
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• Some multiple star systems are true binary stars, or binaries, which are 
pairs of stars that actually orbit each other; the details of their orbits 
allow us to determine sizes and masses. 

• Each of the two stars in a binary system actually moves in an elliptical 
orbit about the center of mass of the system. 

10-7 The H-R diagram reveals different kinds of stars 

• Graphs of this luminosity/absolute magnitude versus spectral class/ 
surface temperature are today known as Hertzsprung-Russell 
diagrams or H-R diagrams. 

• Main-sequence stars are found on the H-R diagram extending from 
the hot, luminous, blue stars in the upper left corner of the diagram to 
the cool, dim, red stars in the lower right corner. 

• Tremendously luminous and large stars are called giants. Cooler 
members of the largest stars (those with surface temperatures from 
about 3000 to 4000 K) are often called red giants because they appear 
reddish. 

• A few rare stars are considerably bigger and brighter than typical 
giants, with radii up to 1000 R Q ; they are called supergiants. 

• White dwarfs are so dim that they can be seen only with a telescope 
and are approximately the same size as the Earth. 

• The mass-luminosity relation is that the greater the mass of a 
main-sequence star, the greater its luminosity, its surface temperature, 
and its radius. 

• Luminosity classes are based upon the subtle differences in spectral 
lines, which provide a useful subdivision of the star types in the upper 
right of the diagram for stars of differing radii. 

• Spectroscopic parallax is the process of inferring the distance to a 
main-sequence star based on its apparent magnitude and its spectral 
classification. 


Questions 


8. If a red star and a blue star both appear equally bright and both are 
the same distance from Earth, which one has the larger radius? 
Explain why. 


% 


9. Sketch a Hertzsprung-Russell diagram. Indicate the regions 
on your diagram occupied by (a) main-sequence stars, 

(b) red giants, (c) supergiants, (d) white dwarfs, and 
e) the Sun. 


‘SEAL'* 

gWj’ 


10. What information about stars do astronomers learn from 
binary systems that cannot be learned in any other way? 
What measurements do they make of binary systems to 
garner this information? 

11. Which is more massive, a red main-sequence star or a blue main- 
sequence star? Which has the greater radius? Explain your answers. 


Web Chat Questions 

1. In its orbit around Earth, the Hipparcos satellite could measure 
stellar parallax angles with acceptable accuracy only if the angles 
were larger than about 0.002 arcsec. Discuss the advantages or 
disadvantages of making parallax measurements from a satellite in a 
large solar orbit, say at the distance of Jupiter from the Sun. If this 
satellite can also measure parallax angles of 0.002 arcsec, what is the 
distance of the most remote stars that can be accurately determined? 
How much bigger a volume of space would be covered compared to 
Earth-based observations? How many more stars would you expect 
to be contained in that volume? 

2. As seen from the starship Enterprise in the Star Trek television series 
and movies, stars appear to move across the sky due to the starship’s 
motion. How fast would the Enterprise have to move in order for a 
star 1 pc away to appear to move 1° per second? (Hint: The speed of 
the star as seen from the Enterprise is the same as the speed of the 
Enterprise relative to the star.) How does this compare with the 
speed of light? Do you think the stars appear to move as seen from 
an orbiting space shuttle, which moves at about 8 km/s? 


Review Questions 

1. Explain the difference between a star’s apparent brightness and its 
luminosity. 

s 2. Why does it take at least six months to make a 
-in r measurement of a star’s parallax? 

3. What is the inverse-square law? Use it to explain why an ordinary 
lightbulb can appear brighter than a star, even though the lightbulb 
emits far less light energy per second. 

4. Why is the magnitude scale called a “backward” scale? What is the 
difference between apparent magnitude and absolute magnitude? 

5. The star Zubenelgenubi (from the Arabic for “scorpion’s southern 
claw”) has apparent magnitude 2.75, while the star Sulafat (Arabic 
for “tortoise”) has apparent magnitude 3.25. Which star appears 
brighter? From this information alone, what can you conclude about 
the luminosities of these stars? Explain your answer. 

6. Menkalinan (Arabic for “shoulder of the rein-holder”) is an A2 star 
in the constellation Auriga (the Charioteer). What is its spectral class? 
What is its spectral type? Which gives a more precise description of 
the spectrum of Menkalinan? 

7. If a red star and a blue star both have the same radius and both are 
the same distance from Earth, which one looks brighter in the night 
sky? Explain why. 


Collaborative Exercises 

1. Considering where your group is sitting right now, how many times 
dimmer would an imaginary, super-deluxe, ultra-bright flashlight be 
if it were located at the front door of the group member who lives 
farthest away as compared to if it were at the front door of the group 
member who lives closest. Explain your reasoning. 

2. As a group, select any two of the stars in a text appendix listing of 
the sky’s brightest stars and compare the apparent visual magnitudes 
to determine how many times brighter one is than the other. 

Observing Projects 

1. Use the Starry Night College™ program to investigate the brightest 
stars. Click the Home button in the toolbar, stop time advance, and 
set Time to midnight (12:00:00 a.m.). In the View menu, select 
Constellations > Boundaries and Constellations > Labels to display 
the outlines of the constellations. Open the Info pane and expand the 
Position in Space and Other Data layers. 

a) Use the hand tool or adaptive cursor to look around the sky and 
click on at least five of the brightest stars to reveal relevant data 
in the Info pane. (Brighter stars are shown as larger dots.) Make 
a list of these stars and record Luminosity and Distance from 
Sun from the Info pane. Which stars did you select? In which 
constellation does each of these stars lie? Which of these stars is 
the most luminous? Which is the most distant? 
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b) Do you see any relationship between brightness as seen in our 
sky and the luminosity and distance of these stars? If so, does 
this agree with what you would expect? 

c) Set the date to six months from today, and again set Time to 
12:00:00 a.m. Which of the stars that you selected in part (a) 
are visible? (You can use the Find pane to attempt to locate your 
selected stars.) Which are not? 

d) Explain why the passage of six months makes a difference. 

2. Use Starry Night College™ to explore two particular stars in the Big 
Dipper and their close companions. In astronomy, a “binary” or 
“binary star” is a pair of stars that are gravitationally bound to each 
other, the two stars orbiting around a common point called the center 
of mass. Roughly half of the stars in the near neighborhood of the 
Sun are members of binaries or larger groups of stars. The study of 
binaries is the best method of determining the masses of stars, an 
important parameter in the development of models of stellar 
evolution. 

Some “binary” stars are accidental, simply lying along almost 
the same line of sight from the Earth, so they appear close from our 
viewpoint but are actually separated from each other by a vast 
distance. These apparent pairings are known as optical doubles, but 
are not true binaries. Visual binaries are gravitationally bound stars 
that can be resolved from the Earth. Some stars that have no visible 
companion nevertheless appear to move periodically about a 
particular point. These are astrometric binaries, in which an unseen 
companion is influencing a visible star. The spectra of some stars 
appear to be a combination of two different types of stars and are in 
fact an unresolved binary pair known as a spectrum binary. In some 
cases the spectral lines of a star appear to move back and forth 
periodically, showing that the “star” is actually an unresolved binary; 
the spectral shift is caused by Doppler shift in this spectroscopic 
binary star. If two unresolved stars are orbiting in a plane that 
contains the Earth, they can eclipse each other periodically to 
produce a regular and recognizable pattern of brightness. These are 
known as eclipsing binary stars. 

Open Favourites > Investigating Astronomy > Mizar to show the 
sky as seen from Calgary, Canada, at midnight in September 2010. 
The view is centered upon the second star in the handle of the Big 
Dipper. You can see that this star is about as bright as the other six 
bright stars in this asterism. Zoom in to a field of view of about 4° 
when a second bright star becomes visible near to Mizar. Move the 
cursor over this star and use the Cursor Tracking (HUD) to identify 
this star as Alcor. 

a) Continue zooming in until the field of view is about 2° wide, 
and then use the angular separation tool to find the angular 
separation between Mizar and Alcor, the position angle (i.e., the 
angle between the Mizar-Alcor line and the north direction), 
and the actual physical distance between Mizar and Alcor. 

b) Proxima Centauri is the closest star to Earth and is about 4.3 ly 
away. Comparing the data collected on Mizar and Alcor with 
this information, consider whether you think that Mizar and 
Alcor are a visual binary, a spectroscopic binary, or an optical 
double, and explain your reasoning to support this conclusion. 

c) There is another faint star almost on the line between Mizar and 
Alcor. Use the HUD to determine whether this star is a true 
member of a triple system or just an optical companion to these 
two stars. 

d) Zoom in on Mizar to a field of view of about 2' X T (about 
the view of a reasonable telescope). You will see that Mizar is 
itself a binary star. In addition, each of these stars is found to be 
a spectrum binary. Moreover, Alcor has also recently been 
shown to be a very close visual binary. With this evidence, how 


many stars are there in this group of stars associated with 
Mizar? 

3. Most stars near the Sun are moving along with it, around the center 
of the galaxy. However, there are several stars that are not following 
this path but are passing rapidly across this stream of stars. Among 
these is a faint red star known as Barnard’s star, the fastest-moving 
star in our near neighborhood. Use the Starry Night College™ 
program to investigate the proper motion of this star across our sky. 
Proper motion, p, is the angular speed of a star in units of arcseconds 
per year. This parameter can be combined with an accurate 
measurement of the distance from the observer, d, to determine its 
real speed perpendicular to the line of sight, its tangential velocity v t . 
The star’s true speed through three-dimensional space can be 
obtained by combining this tangential velocity with a measurement 
of its radial velocity, v i , determined from the Doppler shift of the 
star’s spectrum. Select Favourites > Investigating Astronomy > 
Barnard’s Star to show the position of this star against background 
stars in a field of view of about 5° on October 17, 2076 a.d. from a 
position near to the Earth. Another star, HIP87866, which lies close 
to the future path of Barnard’s star, has been selected and labeled as a 
reference. 

a) To measure the proper motion, use the angular separation tool 
to determine the angular distance between Barnard’s star and 
the reference star. Next, advance the date by 200 years and 
repeat this angular measurement, then calculate the proper 
motion, p, in arcseconds per year for Barnard’s star. 

b) Use the information in the HUD to find the Distance from 
observer of Barnard’s star. The tangential velocity can be 
calculated from the formula v = p X d and will be in units of 
km/s if p is translated to radians per second and d, the distance 
to Barnard’s star, is translated from light-years to km (1 radian 
= 57.3°, 1 light-year = 9.46 X 10 12 km, and 1 year = 3.156 X 
10 7 seconds). 

c) The Doppler shift of spectral lines in the spectrum of Barnard’s 
star shows that its radial velocity is 107 km/s away from the 
Earth. Thus, the star’s real or space velocity can be calculated 
using the relationship v 1 = z/ 2 + v\ You can put this velocity 
into more familiar units by multiplying your answer by 3600 to 
obtain the speed in km/hr or 2250 to obtain the speed in mph. 

d) Click Run time forward and watch the motion of the stars in 
this part of the sky over the next several thousand years. Why 
do some stars show large proper motions over this time while 
others show very little motion? 

4. Use the Starry Night College™ program to investigate the 
Hertzsprung-Russell Diagram (HRD). Select Favourites > 
Investigating Astronomy > Denver. Open the Status pane, expand the 
H-R Options layer, and choose the following options: Use absolute 
magnitudes, Labels, Gridlines, Regions, Main Sequence, and Spectral 
class. Now expand the Hertzsprung-Russell layer to show the HRD 
that plots all the stars that are currently in the main view. This 
graphical representation shows the absolute magnitudes of stars as a 
function of their surface temperatures, plotted in an inverse direction, 
hottest stars appearing to the left of the diagram. Absolute magnitude 
is related to the star’s luminosity. 

a) Use the hand tool to scroll around the sky. Watch the HRD 
change as different stars enter and leave the main window. Does 
the distribution of stars in the HRD change drastically from one 
part of the sky to another, or are all types of stars approximately 
equally represented in all directions from the Earth? 

b) If you place the cursor over a star, a red dot appears in the 
HRD at the position for this star. Use this facility to estimate 
and make a note of the spectral-luminosity classification and the 
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absolute magnitude, of the following stars that are labeled 
in the main window: Altair, Deneb, Enif, 74 Ophiuchi, and 51 
Pegasi. (Remember that each spectral class is divided into 10 
subclasses from 0 to 9.) 

c) From its spectral-luminosity classification, which of these five 
stars is most similar to the Sun? What is the name of the region 
of the HRD occupied by this star? If these two physical 
properties are similar for the Sun and for this star, which other 
two parameters will necessarily be similar? Explain. 

d) The apparent magnitude, m ^ of Altair is +0.8 and that of Enif 
is +2.4. For both stars, calculate the quantity m y — M v (that is, 
apparent magnitude minus absolute magnitude.) From your 
results, would you expect Altair to be closer to us than 10 pc or 
farther away than 10 pc? What about Enif? Explain your 
reasoning. 

e) Open the Info pane and expand Other Data. Open the 
contextual menu for Enif in the main view and select Show Info 
to display relevant data for this star. Make a note of the radius, 
temperature, and luminosity of Enif. Use the given temperature 
and luminosity to calculate the radius of Enif and compare your 
result to the value from the Info pane. The temperature of the 
Sun is 5780 K. 


Answers 

ConceptChecks 

ConceptCheck 10-1: A very nearby flashlight will appear much brighter 
than a very distant spotlight. Although a large spotlight emits more light 
than a small flashlight, which of them appears brighter depends on 
distance. 

ConceptCheck 10-2: The parallax angle is smallest for the most distant 
stars, so if a parallax angle was measured to be too small, then the astrono¬ 
mer would assume the star is farther away than it actually is. 

ConceptCheck 10-3: Parallax only works for stars that are relatively nearby, 
and the majority of stars in our Galaxy are much too far away to exhibit 
any apparent shift in position as Earth orbits the Sun. 

ConceptCheck 10-4: Because a star’s apparent magnitude when viewed 
from a distance of 10 parsecs is the same as its absolute magnitude, both 
magnitudes would be the same, +4.8. 

ConceptCheck 10-5: From Earth, Tau Ceti appears to be relatively bright 
at +3. However, if it were viewed from a distance of 10 parsecs, it would 
appear much dimmer, at +6. The only way this can be is if Tau Ceti is 
much closer to Earth than 10 parsecs. 

ConceptCheck 10-6: According to the inverse-square law nature of light, 
the intensity of the light received decreases with the square of the distance. 
In this instance, increasing the distance 3 times means the newspaper re¬ 
ceives only l/(3) 2 or one-ninth the amount of light it originally received. 

ConceptCheck 10-7: Because green light has a shorter wavelength than 
yellow light, the star that is primarily emitting green light must be at a higher 
temperature than a star emitting mostly yellow light. 


ConceptCheck 10-10: No. Within a particular spectral class, the larger 
numbers correspond to cooler stars. For example, a G2 star is hotter than 
a G8 star because a G2 is closer to the hotter F-spectral class stars in the 
sequence OBAFGKM. 

ConceptCheck 10-11: In the hottest stars, the electrons have been removed 
from the hydrogen atoms and, as a result, the existing hydrogen atoms do 
not have an electron available to create absorption spectra. 

ConceptCheck 10-12: Given that the modern spectral sequence of stars and 
brown dwarfs from hottest to coolest is OBAFGKMLT, L-spectral class 
brown dwarfs are hotter than T-spectral class brown dwarfs. 

ConceptCheck 10-13: Almost all stars and brown dwarfs have similar 
chemical composition: about three-quarters hydrogen, one-quarter helium, 
and 1% or less metals. 

ConceptCheck 10-14: A bonfire often extends over a large area so that it 
has an enormously high luminosity, even at the same temperature of a match 
or a hand lighter. 

ConceptCheck 10-15: In low-density atmospheres of the largest stars, atoms 
tend to be widely separated and have relatively fewer collisions with other 
atoms that result in light being emitted at highly specific wavelengths that 
are observed as narrower lines. 


ConceptCheck 10-16: If two stars orbiting a common center of mass were 
moved farther apart, their masses would not change, but the period would 
increase following Kepler’s third law. 

ConceptCheck 10-17: The H-R diagram is plotted as increasing luminosity 
on the vertical axis and decreasing temperature along the horizontal axis. 
The stars with the greatest luminosity and the highest temperatures are 
found in the upper left-hand corner of the H-R diagram. 

ConceptCheck 10-18: According to the mass-luminosity relation, the most 
luminous main-sequence stars are also the most massive, have the largest 
radii, and have the greatest temperatures. 

ConceptCheck 10-19: Main-sequence stars are luminosity class “V” whereas 
luminosity class “II” are giant stars. In this instance, the two stars have the 
same temperature because they are in the same spectral class, but the lumi¬ 
nosity class II star is larger and has a greater luminosity than the much 
smaller main-sequence star. 


CalculationChecks 

CalculationCheck 10-1: Given that distance in parsecs is the inverse of the 
parallax angle, d = 1/0.7772, then d = 1.35 pc. Because 1 pc is 3.26 ly, we 
find that 1.35 pc X (3.26 ly/lpc) = 4.4 ly 


CalculationCheck 10-2: Pleione’s luminosity to that of the Sun (L/L Q = 
190) and the ratio of their apparent brightnesses (b/b Q = 3.19 X 10~ 13 ) and 
rearranging the equation relating luminosity, distance, and brightness yields 
the distance from Earth to Pleione as 2.44 X 10 7 times greater than the 
distance from Earth to the Sun. 


± = Rl/lJ 
do i > 


190 


3.19 X10- 13 


= ^5.95 X10 14 = 2.44 X10 7 


ConceptCheck 10-8: The prominence of certain hydrogen absorption lines 
visible in the star, with A class being the greatest and O class being the least. 

ConceptCheck 10-9: In the sequence OBAFGKM, F-spectral class stars with 
designations FI, F2, F3, and F4 are more similar to A-spectral class stars 
and F6, F7, F8, and F9 are more similar to G-spectral class stars. 


CalculationCheck 10-3: If luminosity is given by the Stefan-Boltzmann law 
where L = 47tR 2 aT 4 , then if radius, R, is tripled, then L must increase by 
the R 2 , which is, in this instance, 3 2 or 9 times, for a star 3 times larger but 
at the same temperature. 













Inferring Patterns in 
Star Life Cycles 


O ne wonders if the stars overhead are the same stars that dotted the 
skies of our grandparents and that of our great-great-great grand¬ 
parents. Indeed, the stars that illuminate our nights seem eternal and 
unchanging. But this permanence is an illusion. Each of the stars visible to the 
naked eye shines due to thermonuclear reactions and has only a finite amount 
of fuel available for these reactions. Hence, stars cannot last forever: They 
form from material in interstellar space, evolve over millions or billions of 
years, and eventually die. In this chapter, our concern is with how stars form 
and change over their life cycles. 

Observations across the sky reveal that stars form within cold, dark 
clouds of gas and dust that are scattered abundantly throughout our galaxy. 
One such cloud appears as a dark area on the far right-hand side of the 


photograph on this page. Perhaps a dark cloud like this encounters pressure 
from one of our galaxy’s spinning arms or an exploding star detonates nearby. 
From the shock of events like these, the cloud begins to contract under the 
pull of gravity, forming protostars—the fragments that will one day become 
stars. The physical process underlying this is that as a protostar develops, its 
internal pressure builds and its temperature rises. In time, nuclear fusion be¬ 
gins, and a shining star is born. The hottest, bluest, and brightest young stars, 
like those in the photo, emit ultraviolet light that excites atoms in the sur¬ 
rounding interstellar gas. The result is a beautiful glowing nebula, which typi¬ 
cally has the red color characteristic of excited hydrogen (as shown in the 
photograph). As we will see, stars mature and grow old and their rate of aging 
is directly related to their mass. In this chapter, we’ll focus on what happens 


Key Ideas 


BY READING THE SECTIONS OF THIS CHAPTER, YOU WILL LEARN 


(DD Stars form from the collapse of immense clouds of 
interstellar gas and dust 

Qgj Most stars shine throughout their lives by converting 
hydrogen into helium through nuclear fusion 

(QD Careful observations of star clusters provide insight into how 
a star’s mass influences how stars change over time 


Stars slowly become red giants 

Stars between 0.4 and 4.0 M 0 eject planetary nebulae, 
leaving behind white dwarfs at the end of their life cycles 
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to the most common of stars—stars like our own Sun. In the following chap¬ 
ter, well find that the largest of stars even blow themselves apart in death 
throes that enrich interstellar space with the material for future generations 
of stars. Thus, like the mythical phoenix, all new stars arise from the ashes of 
the old. 


(JED Stars form from the collapse of 
immense clouds of interstellar gas and dust 


Because stars consume their own mass as fuel to power 
1*^1 their brilliant shining, stars cannot emit light forever. But, 
because stars are large, they have quite a bit of mass to 
use as fuel and can shine for a very long time. Stars last very much 
longer than the lifetime of any astronomer—indeed, far longer than 
the entire history of human civilization. Thus, it is impossible to 
watch a single star go through its formation, evolution, and eventual 
demise. Rather, astronomers have to piece together the evolutionary 
history of stars by studying different stars at different stages in their 
life cycles. 

ANALOGY To gain insight into how an astronomer can build a pic¬ 
ture of the life cycle of a star, imagine for a moment that you are a 
biologist from another planet who sets out to understand the life 
cycles of human beings. You send a spacecraft to fly above the Earth 
and photograph humans in action. Unfortunately, the spacecraft 
fails after collecting only 20 seconds of data, but during that time 
its sophisticated equipment sends back observations of thousands 
of different humans. From this brief snapshot of life on the Earth— 
only 10“ 8 (a hundred-millionth) of a typical human lifetime—how 
would you decide which were the young humans and which were 
the older ones? Without a look inside our bodies to see the biologi¬ 
cal processes that shape our lives, could you tell how humans are 
born and how they die? And how could you deduce the various bio¬ 
logical changes that humans undergo as they age? 

Astronomers, too, have data spanning only a tiny fraction of 
any star’s lifetime. A star like the Sun can last for about 10 billion 
years, whereas astronomers have been observing stars in detail for 
only about a century. Besides the long time frames, astronomers are 
also frustrated by being unable to see directly into the hidden interi¬ 
ors of stars. For example, we cannot see the thermonuclear reactions 
that convert hydrogen into helium. But astronomers have an advan¬ 
tage in that there are many, many stars at different stages in their life 
cycles to observe. Moreover, stars are made of relatively simple sub¬ 
stances, primarily hydrogen and helium, that are found almost ex¬ 
clusively in the form of gases. Of the four phases of matter—plasma, 
gas, liquid, and solid—gases are by far the simplest to understand. 

Astronomers use our understanding of gases to build theoreti¬ 
cal models of the interiors of stars, like the model of the Sun we 
saw in Chapter 9. In fact, like all great dramas, the story of stellar 
evolution can be regarded as a struggle between two opposing and 
unyielding forces: Gravity continually tries to make a star shrink, 
while the star’s internal pressure tends to make the star expand. 
When these two opposing forces are in balance, the star is in a state 
of hydrostatic equilibrium. But what happens when changes within 
the star cause either pressure or gravity to predominate? The star 


must then either expand or contract until it reaches a new equilib¬ 
rium. In the process, it will change not only in size but also in lu¬ 
minosity and color. 

Interstellar Gas and Dust 

If stars do not exist forever, then somehow they must come into 
being. Where do stars come from? As we saw in Chapter 4, our Sun 
condensed from a collection of gas and dust in interstellar space. 
Observations suggest that other stars originate in a similar way. In 
order to pursue the origin of stars, we need to first observe the 
seemingly empty space between stars. 

At first glance, the space between the stars seems to be mostly 
vacant. On closer inspection, we find that it is filled with a thin gas 
laced with microscopic dust particles. This combination of gas and 
dust is called the interstellar medium. Evidence for this medium 
includes interstellar clouds of various types, curious lines in the 
spectra of binary star systems, and an apparent dimming and red¬ 
dening of distant stars. 

You can see evidence for the interstellar medium with the naked 
eye. Look carefully at the constellation Orion (Figure 11-la), visible 
on winter nights in the northern hemisphere and on summer nights 
in the southern hemisphere. While most of the stars in the constel¬ 
lation appear as sharply defined points of light, the middle “star” 
in Orion’s sword has a fuzzy appearance. This becomes more obvi¬ 
ous with binoculars or a telescope. As Figure 11-1 b shows, this 
“star” is actually not a star at all, but the Orion Nebula—a cloud 
in interstellar space. Any interstellar cloud is known to astronomers 
as a nebula (plural nebulae). 

The Orion Nebula emits its own light, with the characteristic 
emission line spectrum similar to that of a hot, thin gas. For this 
reason, it is called an emission nebula. Typical emission nebulae are 
large, having masses that range from about 100 to about 10,000 
solar masses. Because this mass is spread over a huge volume that 
is light-years across, the density is quite low by Earth standards, 
only a few thousand hydrogen atoms per cubic centimeter (cm 3 ). 
(By comparison, the air you are breathing contains more than 10 19 
atoms per cm 3 .) Emission nebulae are found near hot, luminous 
stars of spectral types O and B. Such stars emit copious amounts of 
ultraviolet radiation. When atoms in the nearby interstellar gas 
absorb these energetic ultraviolet photons, the atoms become ion¬ 
ized. Indeed, emission nebulae are composed primarily of ionized 
hydrogen atoms, that is, free protons (hydrogen nuclei) and elec¬ 
trons. These recently ionized atoms are the source of energy emanat¬ 
ing from an emission nebula. 

In addition to the presence of gas atoms in the interstellar me¬ 
dium, Figure 11-2 shows that there are two kinds of evidence for 
large clouds of dust grains, which make their appearance in dark 
nebulae and reflection nebulae. For one kind, a dark nebula is so 
opaque that it blocks any visible light coming from stars that lie 
behind it. One such dark nebula, called the Horsehead Nebula for 
its shape, protrudes in front of one of the glowing gases behind it. 
Figure 11-3 shows another dark nebula, called Barnard 86. Such 
clouds contain from 10 4 to 10 9 particles (atoms, molecules, and dust 
grains) per cubic centimeter. Although thin by Earth standards, dark 
nebulae are large enough—typically many light-years deep—that 
they block the passage of light. In the same way, a sufficient depth 







(a) A wide-angle view of Orion 


(b) A close-up of the Orion Nebula 


Figure 11-1 RIVUXG 

The Orion Nebula (a) The middle “star” of the three that make up Orion’s sword is 
actually an interstellar cloud called the Orion Nebula, (b) The nebula is about 450 pc (1500 
ly) from Earth and contains about 300 solar masses of material. Within the area shown by 


the box are four hot, massive stars called the Trapezium. They produce the ultraviolet light 
that makes the nebula glow, (a: R. C. Mitchell, Central Washington University; b: Anglo- 
Australian Observatory) 
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Figure 11-2 RIVUXG 

Emission, Reflection, and Dark Nebulae in Orion A variety of different nebulae appear 
in the sky around Alnitak, the easternmost star in Orion’s belt (see Figure 11-1). All the 
nebulae lie approximately 500 pc (1600 ly) from Earth. They are actually nowhere near 
Alnitak, which is only 250 pc (820 ly) distant. This photograph shows an area of the sky 
about 1.5° across. (Royal Observatory, Edinburgh) 



Figure 11-3 RIVUXG 

A Dark Nebula When first discovered in the late 1700s, dark nebulae were thought to be 
“holes in the heavens” where very few stars are present. In fact, they are opaque regions 
that block out light from the stars beyond them. The few stars that appear to be within 
Barnard 86 lie between us and the nebula. Barnard 86 is in the constellation Sagittarius and 
has an angular diameter of 4 arcminutes, about 1/7 the angular diameter of the full moon. 
(Anglo-Australian Observatory) 
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Figure 11-4 RIVUXG 

Reflection Nebulae Wispy reflection nebulae called NGC 6726-27-29 surround several 
stars in the constellation Corona Australis (the Southern Crown). Unlike emission nebulae, 
reflection nebulae do not emit their own light, but scatter and reflect light from the stars 
that they surround. This scattered starlight is quite blue in color. The region shown here is 
about 23 arcminutes across. (David Malin/Anglo-Australian Observatory) 


of haze or smoke in our atmosphere can make it impossible to see 
distant mountains. 

The other evidence for dust in Figure 11-2 is the bluish haze 
surrounding the star immediately above and to the left of the 
Horsehead Nebula. Figure 11-4 shows a similar haze around a dif¬ 
ferent set of stars. A haze of this kind, called a reflection nebula, is 
caused by fine grains of dust in a lower concentration than that 
found in dark nebulae. The light we see coming from the nebula is 
starlight that has been scattered and reflected by these dust grains. 
The grains are only about 500 nm across, no larger than a typical 
wavelength of visible light, and they scatter short-wavelength blue 
light more efficiently than long-wavelength red light. Hence, reflec¬ 
tion nebulae have a characteristic blue color, resulting in an effect 
similar to what causes Earth’s sky to appear blue. 

CConceptCheck 11-1 ) What would a reflection nebula become if 
it could be compressed to 3 times its typical density? 

Answer appears at the end of the chapter. 

Evolution of a Protostar 

Gravity is introduced in Interstellar gas and dust are the raw mate- 

Section 3 6 na * rom W ^ 1C ^ stars are ma de. The disk 

of our galaxy, where most of the matter is 

concentrated, is therefore the site of 


ongoing star formation. In order for this interstellar material to 
condense and form a star, the force of gravity—which tends to draw 
interstellar material together—must overwhelm the internal pres¬ 
sure pushing the material apart. This means that stars will most 
easily form in regions where the interstellar material is relatively 
dense, so that atoms and dust grains are close together and gravi¬ 
tational attraction is enhanced. The only parts of the interstellar 
medium with high enough density and low enough temperature for 
stars to form are the dark nebulae. Within these clouds, the densest 
portions can contract under their own mutual gravitational attrac¬ 
tion and form clumps called protostars. Each protostar will eventu¬ 
ally evolve into a main-sequence star. Because dark nebulae contain 
many solar masses of material, it is possible for a large number of 
protostars to form out of a single such nebula. Thus, we can think 
of dark nebulae as “stellar nurseries.” 

At first, a protostar is merely a cool blob of gas several times 
larger than our solar system. The pressure inside the protostar is 
too low to support all this cool gas against the mutual gravitational 
attraction of its parts, and so the protostar collapses. As the proto¬ 
star collapses, gravitational energy is converted into thermal energy, 
making the gases heat up and start glowing. 

Observing the evolution of a protostar can be quite a chal¬ 
lenge. Indeed, while Figure 11-5 shows that young protostars are 
much more luminous than the Sun, it is quite unlikely that you 
have ever seen a protostar shining in the night sky. The reason 
is that protostars form within clouds that contain substantial 
amounts of interstellar dust. The dust in a protostar’s immediate 
surroundings, acting somewhat like a protective moth’s cocoon, 
absorbs the vast amounts of visible light emitted by the protostar 
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Figure 11-5 

Pre-Main-Sequence Evolutionary Tracks As a protostar evolves, its luminosity and 
surface temperature both change. The tracks shown here depict these changes for 
protostars of seven different masses. Each dashed red line shows the age of a protostar 
when its evolutionary track crosses that line. 
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and makes it very hard to detect using telescopes tuned to visible 
wavelengths. 

Protostars, however, can be seen using infrared wavelengths. 
Because it absorbs so much energy from its central protostar, the 
dust surrounding a protostar becomes greatly heated to a few 
hundred kelvins. The warmed dust then reradiates its thermal 
energy at infrared wavelengths, to which normally opaque dust 
is relatively transparent. So, by using infrared telescopes, astron¬ 
omers can see protostars within the “stellar nursery” of a dark 
nebula. 

Figure 11-6 shows visible-light and infrared views of one such 
stellar nursery. The visible-light view (Figure ll-6a) shows a dark, 
dusty nebula that appears completely opaque. The infrared image 
(Figure 11 -6b) allows us to easily see through the dust, revealing a 
newly formed protostar within the dark nebula. 

It is reasonable to think that a main-sequence star forms simply 
by collapsing inward. It might be surprising to learn that much of 
the material of a cold, dark nebula is ejected into space and never 
incorporated into stars. As it is ejected, this material may help sweep 
away the dust surrounding a young star, making the star observable 
at visible wavelengths. 

Mass ejection into space is a hallmark of a particular type of 
stars, known as T Tauri stars. These are protostars with emission 
lines as well as absorption lines in their spectra and whose luminos¬ 
ity can change irregularly on time scales of a few days. The name¬ 
sake of this class of stars, T Tauri, is a protostar in the constellation 
Taurus (the Bull). 

T Tauri stars have masses less than about 3 times larger than 
the mass of our Sun (written as 3 M Q ) and ages around a million 


See Chapter 4, Section 4-5. 


years, so on an H-R diagram such as Figure 11-5, they appear above 
the right-hand end of the main sequence. The emission lines show 
that these protostars are surrounded by a thin, hot gas. The Doppler 
shifts of these emission lines suggest that the protostars eject gas at 
speeds around 80 km/s (300,000 km/h, or 180,000 mi/h). 

Protostars are able to slowly add mass to themselves at the 
same time that they rapidly eject material into space. In fact, the 
two processes are related. As a protostar’s nebula contracts, it spins 
faster and flattens into a disk with the protostar itself at the center. 
The same flattening took place in the solar 
nebula, from which the Sun and planets 
formed. Particles orbiting the protostar 
within this disk collide with each other, causing them to lose energy, 
spiral inward onto the protostar, and add to the protostar’s mass. 
The resulting disk of material being added to the protostar in this 
way is known as a circumstellar accretion disk. Figure 11-7 is an 
edge-on view of one such circumstellar accretion disk, showing two 
oppositely directed jets emanating from a point at or near the center 
of the disk (where the protostar is located). 

^ T, °T In the 1990s, astronomers using the Hubble Space Tele¬ 
scope discovered many examples of disks around newly 

formed stars in the Orion Neb- n „ 

. , , , Figure 4-12 shows a 

ula (see Figure 11-1), one of the most . r . ... 

_ _ r • • • number of these disks, 

prominent star-forming regions in the 

northern sky. If one imagines that planets 

can form these dusty disks, then they are appropriately called pro¬ 
toplanetary disks, or proplyds, that surround young stars within 
the nebula. As the name suggests, protoplanetary disks are thought 
to contain the material from which planets form around stars. 



(a) A dark nebula RI V U X G (b) A hidden protostar within the dark nebula R I V U X G 


Figure 11-6 

Revealing a Hidden Protostar (a) This visible-light view shows a dark nebula called 
LI014 in the constellation Cygnus (the Swan). No stars are visible within the nebula, 
(b) The Spitzer Space Telescope was used to make this false-color infrared image of 


the outlined area in (a). The bright red-yellow spot is a protostar within the dark 
nebula, (a: Deep Sky Survey; b: NASA/JPL-Caltech/N. Evans, Univ. of Texas at 
Austin) 
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Figure 11-7 RIVUXG 

A Circumstellar Accretion Disk and Jets This false-color image shows a star surrounded by 
an accretion disk, which we see nearly edge-on. Red denotes emission from ionized gas, while 
green denotes starlight scattered from dust particles in the disk. The midplane of the accretion 
disk is so dusty and opaque that it appears dark. Two oppositely directed jets flow away from 
the star, perpendicular to the disk and along the disks rotation axis. This star lies 140 pc (460 
ly) from Earth. (C. Burrows, the WFPC-2 Investigation Definition Team, and NASA) 

ConceptCheck 11-2 ) Do protostars gain mass or eject mass 
during formation? 

Answer appears at the end of the chapter. 

Supernovae Can Trigger Star Birth 

We will learn later in Chapter 14 that a galaxy’s moving spiral 
arms can cause clouds to compress and initiate star birth, but 
this is certainly not the only mechanism for triggering the birth 


of stars. Presumably, anything that compresses interstellar clouds 
will do the job. The most dramatic cause is the violent death of a 
massive star after it has left the main sequence, known as a su¬ 
pernova. As we will see in the next chapter, the core of the doomed 
large star collapses suddenly, releasing vast quantities of particles 
and energy that blow the star apart. The star’s outer layers are 
blasted into space at speeds of several thousand kilometers per 
second. 

Astronomers have found many nebulae across the sky that 
seem to be the shredded remains of these massive dead stars. 
Such nebulae, like the one shown in Figure 11-8, are known as 
supernova remnants. Many supernova remnants have a distinctly 
circular or arched appearance, as would be expected for an ex¬ 
panding shell of gas. This wall of gas is typically moving away 
from the dead star faster than sound waves can travel through 
the interstellar medium. Such supersonic motion produces a shock 
wave that abruptly compresses the medium through which it 
passes. When a gas is compressed rapidly, its temperature rises, 
and this temperature rise causes the gas to glow, as shown in 
Figure 11-8. 

When the expanding shell of a supernova remnant slams into 
an interstellar cloud, it squeezes the cloud, stimulating star birth. 
This kind of star birth is taking place in the stellar association seen 
in Figure 11-9. This stellar nursery is located along a luminous arc 
of gas about 30 pc (100 ly) in length that is presumably the remnant 
of an ancient supernova explosion. In fact, this arc is part of an 
almost complete ring of glowing gas with a diameter of about 60 pc 
(200 ly). 

There are certainly other compression processes available to 
trigger star formation. For example, a collision between two inter¬ 
stellar clouds can create new stars. Compression occurs at the in¬ 
terface between the two colliding clouds and vigorous star formation 
follows. Similarly, intense stellar winds from a group of hot O and 


2 Wmt Figurefl-8 RIVUXG 

^8^ A Supernova Remnant This composite image shows 
Cassiopeia A, the remnant of a supernova that occurred about 
3000 pc (10,000 ly) from Earth. In the roughly 300 years since the 
supernova explosion, a shock wave has expanded about 3 pc (10 ly) 
outward in all directions from the explosion site. The shock wave has 
warmed interstellar dust to a temperature of about 300 K (Spitzer 
Space Telescope infrared image in red) and has heated interstellar 
gases to temperatures that range from 104 K (Hubble Space 
Telescope visible-light image in yellow) to 107 K (Chandra X-ray 
Observatory X-ray image in green and blue). (NASA;JPL-Caltech; 
and O. Krause, Steward Observatory) 
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The Canis Major R1 Association This luminous arc of gas, about 30 pc 
(100 ly) long, is studded with numerous young stars. Both the luminous arc and the young 
stars can be traced to the same source, a supernova explosion. The shock wave from the 


supernova explosion is exciting the gas and making it glow; the same shock wave also 
compresses the interstellar medium through which it passes, triggering star formation. 
(Courtesy of H. Vehrenberg) 

B stars may exert strong enough pressure on interstellar clouds to 
cause compression, followed by star formation. 

( ConceptCheck 11-3 ) What physical process is needed to initiate 
the formation of a star? 

Answer appears at the end of the chapter. 


(DB Most stars shine throughout their 
lives by converting hydrogen into helium 
through nuclear fusion 

When a protostar has evolved into a stable main-sequence star, 
regardless of mass, all stars are all fundamentally similar. The fun¬ 
damental energy source inside stars is the release of energy from the 
conversion of hydrogen into helium. When hydrogen atoms collide 
with each other at extremely high temperatures and pressures, they 
can combine to form larger helium atoms and release tremendous 
amounts of energy in the process. This process occurs in the very 
center of Sunlike stars. 


The total time that a star will spend fusing hydrogen into he¬ 
lium in its core, and thus the total time that it will spend as a main- 
sequence star, is called its main-sequence lifetime. For our Sun, the 
main-sequence lifetime is about 12 billion (1.2 X 10 10 ) years. Hy¬ 
drogen fusion has been going on in the Sun’s core for the past 4.56 
billion (4.56 X 10 9 ) years, so our Sun is less than halfway through 
its main-sequence lifetime. 

Stars Form in Clusters 

Dark nebulae contain tens or hundreds of solar masses of gas and 
dust, enough to form many stars. As a consequence, these nebulae 
tend to form groups or clusters of young stars. One such cluster is 
M16, shown in Figure 11-10; another is NGC 6520, depicted in 
Figure 11-3. 

In addition to being objects of great natural beauty, star clusters 
give us a unique way to compare the evolution of stars with differ¬ 
ing masses. That’s because clusters typically include stars with a 
range of different masses, all of which began to form out of the par¬ 
ent nebula at roughly the same time so that they have roughly the 
same chronological age and similar initial chemical composition. 

ANALOGY A foot race is a useful way to compare the performance 
of sprinters because all the competitors start the race simultane¬ 
ously. A young star cluster gives us the same kind of opportunity 
to compare the evolution of stars of different masses that all began 
to form roughly simultaneously. Unlike a foot race, however, the 
entire “race” of evolution in a single cluster happens too slowly for 
us to observe; as Figure 11-5 shows, protostars take many thou¬ 
sands or millions of years to evolve significantly. Instead, we must 
compare different star clusters at various stages in their evolution 
to piece together the history of star formation in a cluster. 

All the stars in a cluster may begin to form nearly simultane¬ 
ously, but they do not all become main-sequence stars at the same 
time. As you can see from their evolutionary tracks (see Figure 
11-5), high-mass stars evolve more rapidly than low-mass stars. 
Consistently, the more massive the protostar, the sooner it develops 
the central pressures and temperatures needed for steady hydrogen 
fusion to begin. As we shall see, stars in the same cluster do not 
also age at the same rate nor do they leave the main sequence at the 
same time. 

Figure 11-11 a shows a young star cluster called the Pleiades. 
The photograph shows gas that must have initially surrounded this 
cluster but has since dissipated into interstellar space, leaving only 
traces of dusty material that forms nebulae around the cluster’s 
stars. This implies that that the Pleiades must be older than NGC 
2264, the cluster shown in Figure 11-12 a, which is still surrounded 
by a nebulae. The H-R diagram for the Pleiades in Figure 11-11 b 
bears out this idea. In contrast to the H-R diagram for NGC 2264 
(Figure 11-12 b), nearly all the stars in the Pleiades are on the main 
sequence. The cluster’s age is about 100 million years, which is how 
long it takes for the least massive stars to finally begin hydrogen 
fusion in their cores. 

CAUTION Note that the data points for the most massive stars in 
the Pleiades (at the upper left of the H-R diagram in Figure 11-11 b) 
lie above the main sequence. This is not because these stars have 
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z4 Figure 11-10 
R I V U X G 

A Star Cluster with an H II Region 

The star cluster M16 is thought 
to be no more than 800,000 
years old, and star formation is 
still taking place within adjacent 
dark, dusty globules. The inset 
shows three dense, cold pillars of 
gas and dust silhouetted against 
the glowing background of the 
red emission nebula (called the 
Eagle Nebula for its shape). The 
pillar at the upper left extends 
about 0.3 parsec (1 light-year) 
from base to tip, and each of its 
“fingers” is somewhat broader than 
our entire solar system. (Anglo- 
Austrolion Observatory; J. Hester 
and P. Scowen, Arizona State 
University; NASA) 



4. At the tip of each 
of these “fingers” 
is a cocoon nebula 
containing a young star. 


5. Eventually the 
cocoon nebulae 
evaporate, revealing 
the stars. 


1. This emission nebula (about 2200 pc 
away and about 20 pc across) surrounds 
the star cluster Ml6. 


3. Hot, luminous stars (beyond 
the upper edge of the close-up 
image) emit ultraviolet 
radiation: This makes the 
dark nebula evaporate, 
leaving these pillars. 



(a) The Pleiades star duster RI V U X G 

Figure 11-11 

The Pleiades and Its H-R Diagram (a) The Pleiades star cluster is 117 pc (380 ly) from 
Earth in the constellation Taurus, and can be seen with the naked eye. (b) Each dot plotted 
on this H-R diagram represents a star in the Pleiades whose luminosity and surface 



(b) An H-R diagram of the stars in the Pleiades 


temperature have been measured. (Note: The scales on this H-R diagram are different 
from those in Figure ll-12b.) The Pleiades is about 100 million (10 X 10 8 ) years old. (Anglo- 
Australian Observatory) 
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(a) The star cluster NGC 2264 RI V U X G 

Figure 11-12 

A Young Star Cluster and Its H-R Diagram (a) This photograph shows an H II region 
and the young star duster NGC 2264 in the constellation Monoceros (the Unicorn). It lies 
about 800 pc (2600 ly) from Earth, (b) Each dot plotted on this H-R diagram represents 



(b) An H-R diagram of the stars in NGC 2264 


a star in NGC 2264 whose luminosity and surface temperature have been determined. 
This star cluster probably started forming only 2 million years ago. (Anglo-Australian 
Observatory) 


yet to arrive at the main sequence. Rather, these stars were the first 
members of the cluster to arrive at the main sequence some time 
ago and are now the first members to leave it. They have used up 
the hydrogen in their cores, so the steady process of core hydrogen 
fusion that characterizes main-sequence stars cannot continue. A 
loose collection of stars such as NGC 2264 or the Pleiades possesses 
barely enough mass to hold together by gravitation. Occasion¬ 
ally, a star moving faster than average will escape, or “evaporate,” 
from the cluster. Indeed, by the time the stars are a few billion 
years old, they may be so widely separated that a cluster no longer 
exists. 

What happens to a star like the Sun after the core hydrogen 
has been used up, so that it is no longer a main-sequence star? As 
we will see, it expands dramatically to become a red giant. To 
understand why this happens, it is useful to first look at how a star 
evolves during its main-sequence lifetime. The nature of that evo¬ 
lution depends on whether its mass is less than or greater than 
about 0.4 M Q . 

ConceptCheck 11-4 ) Where does the increasing amount of 
helium come from inside the core of a star? 

Answer appears at the end of the chapter. 


Main-Sequence Stars of 0.4 M 0 or 
Greater: Consuming Core Hydrogen 

A protostar becomes a main-sequence star when steady hydrogen 
fusion begins in its core and it achieves a stable balance between 
the inward force of gravity and the outward pressure produced by 
hydrogen fusion. From the point in time a star has stabilized its core 
hydrogen fusion, a star slowly, but predictably, undergoes noticeable 
changes in luminosity, surface temperature, and radius during its 
main-sequence lifetime. These changes are a result of hydrogen fu¬ 
sion in the core, which alters the chemical composition of the core. 
As an example, when our Sun first formed, its composition was the 
same at all points throughout its volume: by mass, about 74% 
hydrogen, 25% helium, and 1% heavy elements. But as Figure 
11-13 shows, the Sun’s core now contains a greater mass of helium 
than of hydrogen. (There is still enough hydrogen in the Sun’s core 
for another 7 billion years or so of core hydrogen fusion.) 

CAUTION Although the outer layers of the Sun are also predomi¬ 
nantly hydrogen, there are two reasons why this hydrogen cannot 
undergo fusion. The first reason is that while the temperature and 
pressure in the core are high enough for thermonuclear reactions 
to take place, the temperatures and pressure in the outer layers are 
not. The second reason is that there is no flow of material between 
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Distance from Sun’s center (km) - 


(a) Hydrogen in the Sun’s interior 

Figure 11-13 

Changes in the Sun’s Chemical Composition These graphs show the percentage by 
mass of (a) hydrogen and (b) helium at different points within the Sun’s interior. The 
dashed horizontal lines show that these percentages were the same throughout the Suns 

the Sun’s core and outer layers, so the hydrogen in the outer layers 
cannot move into the hot, high-pressure core to undergo fusion. 
The same is true for main-sequence stars with masses of about 0.4 
M Q or greater. (We will see below that the outer layers can undergo 
fusion in main-sequence stars with a mass less than about 0.4 M Q .) 

Thanks to hydrogen fusion in the core, the total number of 
atomic nuclei in a star’s core decreases with time: In each reaction, 
four hydrogen nuclei are converted to a single helium nucleus. With 
fewer particles bouncing around to provide the core’s internal pres¬ 
sure, the core contracts slightly under the weight of the star’s outer 
layers. Compression makes the core denser and increases its tem¬ 
perature. As a result of these changes in density and temperature, 
the pressure in the compressed core is actually higher than before. 

As the star’s core shrinks, its outer layers expand and shine 
more brightly. Here’s why: As the core’s density and temperature 
increase, hydrogen nuclei in the core collide with one another more 
frequently, and the rate of hydrogen fusion in the core increases. 
Hence, the star’s luminosity increases. The radius of the star as a 
whole also increases slightly, because increased core pressure pushes 
outward on the star’s outer layers. The star’s surface temperature 
changes as well, because it is related to the luminosity and radius. 
As an example, theoretical calculations indicate that over the past 
4.56 X 10 9 years, our Sun has become 40% more luminous, grown 
in radius by 6%, and increased in surface temperature by 300 K 
(Figure 11-14). 

As a main-sequence star ages and evolves, the increase in energy 
outflow from its core also heats the material immediately surround¬ 
ing the core. As a result, hydrogen fusion can begin outside the core 
in this surrounding material. By tapping this fresh supply of hydro¬ 
gen, a star manages to eke out a few million more years of main- 
sequence existence. 

C ConceptCheck 11-5 ) What happens to the size of a star if its 
core shrinks, increasing in temperature and density? 

Answer appears at the end of the chapter. 



Distance from Sun’s center (km) ->- 


(b) Helium in the Sun’s interior 

volume when it first formed. As the solid curves show, over the past 4.56 X 10 9 years, 
thermonuclear reactions at the core have depleted hydrogen in the core and increased the 
amount of helium in the core. 


Main-Sequence Stars of Less Than 0.4 M 0 : 
Consuming All Their Hydrogen 

The story is somewhat different for the smallest and least massive 
main-sequence stars, with masses between 0.08 M Q (the minimum 
mass necessary for sustained thermonuclear reactions to take place in 
a star’s core) and about 0.4 M Q . These stars, of spectral class M, are 
called red dwarfs because they are small in size and have a red color 
due to their low surface temperature. They are also very numerous; 
about 85% of all stars in the Milky Way Galaxy are red dwarfs. 

In a red dwarf, helium does not accumulate in the core to the 
same extent as in the core of a larger star, like our Sun. The reason 
is that in a red dwarf there are convection cells of rising and falling 
gas that extend throughout the star’s volume and penetrate into the 
core. These convection cells drag helium outward from the core and 



Figure 11-14 

The Zero-Age Sun and Today’s Sun Over the past 4.56 X 10 9 years, much of the hydrogen 
in the Suns core has been converted into helium, the core has contracted a bit, and the 
Sun’s luminosity has gone up by about 40%. These changes in the core have made the Sun’s 
outer layers expand in radius by 6% and increased the surface temperature from 5500 K 
to 5800 K. 
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Figure 11-15 

A Fully Convective Red Dwarf In a red dwarf-a main-sequence star with less than about 
0.4 solar masses-helium (He) created in the core by thermonuclear reactions is carried to 
the star’s outer layers by convection. Convection also brings fresh hydrogen (H) from the 
outer layers into the core. This process continues until the entire star is helium. 


replace it with hydrogen from the outer layers (Figure 11-15). The 
fresh hydrogen can undergo thermonuclear fusion that releases en¬ 
ergy and makes additional helium. This helium is then dragged out 
of the core by convection and replaced by even more hydrogen from 
the red dwarf’s outer layers. 

As a consequence, over a red dwarf’s main-sequence lifetime 
essentially all of the star’s hydrogen can be consumed and converted 
to helium. The core temperature and pressure in a red dwarf is less 
than in the Sun, so thermonuclear reactions happen more slowly 
than in our Sun. Calculations indicate that it takes hundreds of 


billions of years for a red dwarf to convert all of its hydrogen to 
helium. The present age of the universe is only 13.7 billion years, 
so there has not yet been time for any red dwarfs to become pure 
helium. 

( ConceptCheck 11- 6 Why do convection cells in the smallest of 
main-sequence stars, red dwarfs, result in such long lifetimes when 
they have such small amounts of fuel? 

Answer appears at the end of the chapter. 


(BO Careful observations of star clusters 
provide insight into how a star's mass 
influences how stars change over time 


Studies of star clusters reveal a curious difference be- 
^ tween the youngest and oldest stars in our galaxy. Stars 
in the youngest clusters (those with most of their main 
sequences still intact) are said to be metal rich, because their 
spectra contain many prominent spectral lines of heavy ele¬ 
ments. (Recall that astronomers use the term “metal” to denote 
any element other than hydrogen and helium, which are the two 
lightest elements.) Such stars are also called Population I stars. 
Our Sun, as an example, is a relatively young, metal-rich, Popula¬ 
tion I star. 

By contrast, the spectra of stars in the oldest clusters show 
only weak lines of heavy elements. These ancient stars are thus said 
to be metal poor, because heavy elements are only about 3% as 
abundant in these stars as in the Sun. They are also called Popula¬ 
tion II stars. Figure 11-16 shows the difference in spectra between 
a metal-poor, Population II star and the Sun (a metal-rich, Popula¬ 
tion I star). 

CAUTION Note that “metal rich” and “metal poor” are relative 
terms. In even the most metal-rich star known, metals make up just 
a few percent of the total mass of the star. 


(a) 

(b) 


The spectrum of this Population II star shows absorption lines 
of hydrogen (such as Hy and Hg) but only very weak absorption 

lines of metals ... such a star is metal-poor. 

Hp -. - 

I 

^ Wavelength- 


i 


y 



The spectrum of this Population I star has stronger 
absorption lines of metals ... such a star is metal-rich. 


Figure 11-16 RIVUXG 

Spectra of a Metal-Poor Star and a Metal-Rich Star The abundance of metals 
(elements heavier than hydrogen and helium) in a star can be inferred from its spectrum. 
These spectra compare (a) a metal-poor, Population II star and (b) a metal-rich, 


Population I star (the Sun) of the same surface temperature. We described the hydrogen 
absorption lines (wavelength 434 nm) and H g (wavelength 410 nm) in Section 2-4. 
(Lick Observatory) 
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(ConceptCheckll-7 ) In which population of stars is Alpha 
Centauri, a nearby star with a size and chemical composition similar to 
our Sun? 

Answer appears at the end of the chapter. 

Stellar Populations and the 
Origin of Heavy Elements 

To explain why there are two distinct populations of stars, we must 
go back to the explosive origin of the universe, which took place 
some 13.7 billion years ago. As we will discuss in Chapter 15, the 
early universe consisted almost exclusively of hydrogen and helium 
atoms, with almost no heavy elements (metals). The first stars 
to form were likewise metal poor. The least massive of these 
have survived to the present day and are now the ancient stars of 
Population II. 

The more massive of the original stars evolved more rapidly 
and no longer shine. But as these stars evolved, helium fusion in 
their cores produced metals—carbon and oxygen. In the most mas¬ 
sive stars, as we will learn in the next chapter, further thermonuclear 
reactions produce even heavier elements. As these massive original 
stars aged and died, they expelled their metal-enriched gases into 
space. (The star shown in Figure 11-17 is going through such a 



Figure 11-17 RIVUXG 

A Mass-Loss Star As stars age and become giant stars, they expand tremendously and 
shed matter into space. This star, HD 148937, is losing matter at a high rate. Other strong 
outbursts in the past ejected the clouds that surround HD 148937. These clouds absorb 
ultraviolet radiation from the star, which excites the atoms in the clouds and causes them 
to glow. The characteristic red color of the clouds reveals the presence of hydrogen that 
was ejected from the stars outer layers. (David Malin, Anglo-Australian Observatory) 


mass-loss phase late in its life.) This expelled material joined the 
interstellar medium and was eventually incorporated into a second 
generation of stars that have a higher concentration of heavy ele¬ 
ments. These metal-rich members of the second stellar generation 
are the Population I stars, of which our Sun is an example. 

CAUTION Be careful not to let the designations of the two stellar 
populations confuse you. Population I stars are members of a sec¬ 
ond stellar generation, while Population II stars belong to an older 
first generation. 

The relatively high concentration of heavy elements in the Sun 
means that the solar nebula, from which both the Sun and planets 
formed must likewise have been metal rich. The Earth is composed 
almost entirely of heavy elements, as are our bodies. Thus, our very 
existence is intimately linked to the Sun’s being a Population I star. 
A planet like the Earth probably could not have formed from the 
metal-poor gases that went into making Population II stars. 

The concept of two stellar populations provides insight into 
our own Earthly origins. Helium fusion in red-giant stars produces 
the same isotopes of carbon ( 12 C) and oxygen ( 16 0) that are found 
most commonly on the Earth. The reason is that the Earth’s carbon 
and oxygen atoms, including all of those in your body, actually were 
produced by helium fusion. These reactions occurred billions of 
years ago within an earlier generation of stars that died and gave 
up their atoms to the interstellar medium—the same atoms that 
later became part of our solar system, our planet, and our bodies. 
We are literally children of the stars. 

(ConceptCheckll-8 ) Was our Sun formed at about the same 
time that the universe originated? 

Answer appears at the end of the chapter. 

A Star's Mass Determines Its 
Main-Sequence Lifetime 

The main-sequence lifetime of a star depends critically on its mass. 
As Table 11-1 shows, massive stars have short main-sequence life¬ 
times because they are also very luminous. To emit energy so rapidly, 
these stars must be depleting the hydrogen in their cores at a prodi¬ 
gious rate. Hence, even though a massive O or B main-sequence star 
contains much more hydrogen fuel in its core than is in the entire 
volume of a red dwarf of spectral class M, the O or B star exhausts 
its hydrogen much sooner. High-mass O and B stars gobble up the 
available hydrogen fuel in only a few million years, while red-dwarf 
stars of very low mass take hundreds of billions of years to use up 
their hydrogen. Thus, a main-sequence star’s mass determines not 
only its luminosity and spectral type, but also how long it can remain 
a main-sequence star. In general, the more massive the star, the more 
rapidly it goes through all the phases of its life. Nonetheless, most of 
the stars we are able to detect are in their main-sequence phase, be¬ 
cause this phase lasts so much longer than other luminous phases. 

Like so many properties of stars, what happens at the end of a 
star’s main-sequence lifetime depends on its mass. If the star is a red 
dwarf of less than about 0.4 M 0 , after hundreds of billions of years 
the star has converted all of its hydrogen to helium. It is possible for 
helium to undergo thermonuclear fusion, but this requires tempera¬ 
tures and pressures far higher than those found within a red dwarf. 
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TABLE 11-1 

Approximate Main-Sequence Lifetimes 

Mass (M 0 ) 

Surface 

Temperature 

(K) 

Spectral 

class 

Fuminosity 

(L 0 ) 

Main-sequence 
lifetime 
(10 6 years) 

25 

35,000 

O 

80,000 

4 

15 

30,000 

B 

10,000 

15 

3 

11,000 

A 

60 

800 

1.5 

7,000 

F 

5 

4500 

1.0 

6,000 

G 

1 

12,000 

0.75 

5,000 

I< 

0.5 

25,000 

0.50 

4,000 

M 

0.03 

700,000 


Thus, a red dwarf will end its life as an inert ball of helium that still 
glows due to its internal heat. As it radiates energy into space, it 
slowly cools and shrinks. This slow, quiet demise is the ultimate fate 
of the 85% of stars in the Milky Way that are red dwarfs. (As we 
have seen, there has not yet been time in the history of the universe 
for any red dwarf to reach this final stage in its evolution.) 

(ConceptCheck 11- 9_J |f massive o and B stars have the most 
fuel, why do they have the shortest lifetimes? 

Answer appears at the end of the chapter. 


(BE» Stars slowly become red giants 

What is the fate of stars more massive than about 0.4 
M o> including the Sun? As we will see, the late stages of 
their evolution are dramatic. Studying these stages will 
give us insight into the fate of our solar system and of life on Earth. 

Stars of 0.4 M G or Greater: From 
Main-Sequence Star to Red Giant 

When a star of at least 0.4 solar masses reaches the end of its main- 
sequence lifetime, all of the hydrogen in its core has been used up 
and hydrogen fusion ceases there. In this new stage, hydrogen fusion 
continues only in the surrounding shell of hydrogen-rich material 
just outside the central core. At first, this process occurs only in the 
hottest region just outside the core, where the hydrogen fuel has 
not yet been exhausted. Outside this region, it is not hot enough for 
any fusion reactions to take place. 

Strangely enough, the end of hydrogen fusion in the core in¬ 
creases the core’s temperature. When thermonuclear reactions first 
cease in the core, nothing remains to generate heat there. Hence, the 
core starts to cool and the pressure supporting the core starts to 
decrease. This pressure decrease allows the star’s core to again com¬ 
press under the weight of the outer layers. As the core contracts, its 
temperature again increases, and heat begins to flow outward from 
the core even though no nuclear reactions are taking place there. 
(Technically, gravitational energy is converted into thermal energy.) 


This new flow of heat warms the gases around the core, increas¬ 
ing the rate of hydrogen fusion surrounding the core and making 
the active shell eat further outward into the surrounding matter. 
Helium produced by reactions in the shell falls down onto the core, 
which continues to contract and heat up as it gains mass. Over the 
course of hundreds of millions of years, the core of a 1-M Q star 
compresses to about one-third of its original radius, while its central 
temperature increases from about 15 million (1.5 X 10 7 ) K to about 
100 million (10 8 ) K. 

During this post-main-sequence phase, the star’s outer layers 
expand just as dramatically as the core contracts. As the hydrogen¬ 
fusing shell works its way outward, egged on by heat from the 
contracting core, the star’s luminosity increases substantially. This 
increases the star’s internal pressure and makes the star’s outer lay¬ 
ers expand to many times their original radius. This tremendous 
expansion causes those layers to cool down, and the star’s surface 
temperature drops. Once the temperature of the star’s bloated sur¬ 
face falls to about 3500 K, the gases glow with a reddish hue. Based 
on its new appearance, the star is then appropriately known as a 
red giant (Figure 11-18). Thus, we see that red-giant stars are former 
main-sequence stars that have evolved into a new stage of existence. 
We can summarize these observations as a general rule: 

Stars join the main-sequence group when they begin hydrogen fu¬ 
sion in their cores. They leave the main-sequence group and become 
giant stars when their core hydrogen is depleted. 

Red-giant stars undergo substantial loss of their mass because 
of their large diameters and correspondingly weak surface gravity. 
This makes it relatively easy for gases to escape from the red giant 
into space. Mass loss can be detected in a star’s spectrum, because 
gas escaping from a red giant toward a telescope on the Earth pro¬ 
duces narrow absorption lines that are slightly blueshifted by the 
Doppler effect. Typical observed blueshifts correspond to a speed of 
about 10 km/s. A typical red giant loses roughly 10 -7 M Q of matter 
per year. For comparison, the Sun’s present-day mass-loss rate is 
only 10“ 14 M Q per year. Hence, an evolving star loses a substantial 
amount of mass as it becomes a red giant (see Figure 11-17). 

(ConceptCheck 11-10 ) Why does a red giant appear red if it is cool? 

Answer appears at the end of the chapter. 















270 


CHAPTER 11 


The Sun as a main-sequence star 
(diameter = 1.4 X 10” km ~ -^HaU) 



/ 

The Sun as a red giant 
(diameter ~ 1 AU) 


(a) The Sun today and as a red giant 

Figure 11-18 

Red Giants (a) The present-day Sun produces energy in a hydrogen-fusing core about 
100,000 km in diameter. Some 7.6 billion years from now, when the Sun becomes a red 
giant, its energy source will be a shell only about 30,000 km in diameter within which 
hydrogen fusion will take place at a furious rate. The Sun’s luminosity will be about 2000 



(b) Red-giant stars in the star duster M50 R IV U X G 


times greater than today, and the increased luminosity will make the Sun’s outer layers 
expand to approximately 100 times their present size, (b) This composite of visible and 
infrared images shows bright red-giant stars in the open cluster M50 in the constellation 
Monoceros (the Unicorn). (T. Credner and S. Kohle, Calar Alto Observatory) 


Fusion of Helium into Carbon and Oxygen 
Begins at the Center of a Red Giant 

When a star with a mass greater than 0.4 M Q first changes from a 
main-sequence star (Figure 11-19 a) to a red giant (Figure ll-19b), 
its hydrogen-fusing shell surrounds a small, compact core of almost 
pure helium. In a red giant of moderately low mass, which the Sun 
will become 7 billion years from now, the dense helium core is about 
twice the diameter of the Earth. Most of this core helium was pro¬ 
duced by thermonuclear reactions during the star’s main-sequence 
lifetime; during the red-giant era, this helium will undergo thermo¬ 
nuclear reactions. 

Helium, the “ash” left over from hydrogen fusion, is a potential 
nuclear fuel, and the thermonuclear fusion of helium nuclei to make 
even heavier nuclei releases energy in the process. But this reaction 
cannot take place within the core of our present-day Sun because 
the temperature there is far too low. Each helium nucleus contains 
two protons, so it has twice the positive electric charge of a hydro¬ 
gen nucleus, and there is a much stronger electric repulsion between 
two helium nuclei than between two hydrogen nuclei. For helium 
nuclei to overcome this repulsion and get close enough to fuse to¬ 
gether, they must be moving at very high speeds, which means that 
the temperature of the helium gas must be very high. 

When a star first becomes a red giant, the temperature of the 
contracted helium core is still too low for helium nuclei to fuse. 
But as the hydrogen-fusing shell adds mass to the helium core, 
the core contracts even more, further increasing the star’s central 
temperature. When the central temperature finally reaches 100 mil¬ 
lion (10 8 ) K, thermonuclear fusion of helium in the core begins. As 


a result, the aging star again has a new central energy source for 
the first time since leaving the main sequence. 

Helium fusion combines helium atoms to form carbon in a new 
process that releases energy that fuels the star’s core. (This process 


Outer layers: no thermonuclear reactions 




Hydrogen¬ 
fusing shell 

Helium core, no 
thermonuclear 


Hydrogen¬ 
fusing shell 


Helium-fusing 


Main-sequence star Young red-giant star 


Red-giant star 
after helium fusion 
begins 


(a) 


(b) 


(c) 


cV v e 

Figure 11-19 

Stages in the Evolution of a Star with More than 0.4 Solar Masses 

(a) During the star’s main-sequence lifetime, hydrogen is converted into helium in the star’s 
core, (b) When the core hydrogen is exhausted, hydrogen fusion continues in a shell, and the 
star expands to become a red giant, (c) When the temperature in the red giant’s core becomes 
high enough because of contraction, core helium fusion begins (right). (These three pictures 
are not drawn to scale. The star is about 100 times larger in its red-giant phase than in its 
main-sequence phase, then shrinks somewhat when core helium fusion begins.) 
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uses three helium atoms to form carbon and is called the triple alpha 
process, because helium nuclei ( 4 He) are also called alpha particles.) 
Some of the carbon created in this process can go on to fuse with 
additional helium to produce a stable isotope of oxygen and release 
even more energy (see Cosmic Connections: Helium Fusion in a Red 
Giant). 

The nuclear fusion processes of helium release tremendous 
amounts of energy, even more than hydrogen fusion. The onset of 
these reactions reestablishes stability in the star’s core and prevents 
any further gravitational contraction of the star’s core. Curiously, 
a mature red giant fuses helium in its core for a much shorter time 
than it spent fusing hydrogen in its core as a main-sequence star. 
For example, in the distant future the Sun will sustain helium 
fusion in its core for only about 100 million years. (While this 
is going on, hydrogen fusion is still continuing in a shell around 
the core.) 

(ConceptCheck 11-11 ") What is different about the core of a red 
giant that allows helium to fuse when it cannot occur in the core of 
our present-day Sun? 

Answer appears at the end of the chapter. 

The Helium Flash and Electron Degeneracy 

Precisely how helium fusion begins at a red giant’s center depends 
on the mass of the star. In high-mass red giants (greater than about 
2 to 3 M q ), helium fusion begins gradually as temperatures in the 
star’s core approach 10 8 K. In red giants with a mass less than 
about 2 to 3 M Q , helium fusion begins explosively and suddenly, 
in what is called the helium flash. Table 11-2 summarizes these 
differences. 

The helium flash occurs because of unusual conditions that 
develop in the core of a moderately low-mass star as it becomes a 
red giant. To appreciate these conditions we must first understand 
how an ordinary gas behaves, then we can explore how the densely 
packed electrons at the star’s center alter this behavior. 

When a gas is compressed, it usually becomes denser and 
warmer. In fact, for gas like air on Earth, there is a relatively simple 
relationship between pressure, temperature, and density. Specifically, 
the pressure exerted by a gas on its container is directly proportional 
to both the density and the temperature of the gas. In most circum¬ 
stances, the gases inside a star behave in this way. If the gas expands, 
it cools down, and if it is compressed, it heats up. This behavior 
serves as a safety valve, ensuring that the star remains in a stable 
thermal equilibrium. For example, if the rate of thermonuclear reac¬ 
tions in the star’s core should increase, the additional energy releases 
heats and expands the core. This cools the core’s gases and slows 


TABLE 11-2 

How Helium Core Fusion Begins in 
Different Red Giants 

Mass of star 


Onset of helium fusion 

More than about 0.4 but less than 
2-3 solar masses 

Explosive (helium flash) 

More than 2-3 solar masses 

Gradual 


the rate of thermonuclear reactions back to the original value. Con¬ 
versely, if the rate of thermonuclear reactions should decrease, the 
core will cool down and compress under the pressure of the overly¬ 
ing layers. The compression of the core will make its temperature 
increase, thus speeding up the thermonuclear reactions and return¬ 
ing them to their original rate. 

In a red giant with a mass between about 0.4 M Q and 2-3 M Q , 
however, the core behaves very differently than the way just de¬ 
scribed. In a red giant, the core must be compressed tremendously 
in order to become hot enough for helium fusion to begin. At these 
extreme pressures and temperatures, the atoms are stripped of their 
electrons and become completely ionized. As a result, most of 
the core consists of atomic nuclei and detached electrons. Eventu¬ 
ally, the free electrons become so closely crowded that a limit to 
further compression is reached. Just before the onset of helium 
fusion, the electrons in the core of a low-mass star are so closely 
crowded together that they cannot be squeezed any closer together 
and they produce a powerful pressure that resists any further core 
contraction. 

This phenomenon is called degeneracy. Astronomers say that 
the electrons in the helium-rich core of a low-mass red giant are 
“degenerate,” and that the core is supported by degenerate-elec¬ 
tron pressure. This degenerate pressure, unlike the more typical 
gas pressure, does not depend on temperature. When the tempera¬ 
ture in the core of a low-mass red giant reaches the high level 
required for the triple alpha process, energy begins to be released. 
The helium heats up, which makes the triple alpha process hap¬ 
pen even faster. However, the pressure provided by the degenerate 
electrons is independent of the temperature, so the pressure does 
not change. Without the “safety valve” of increasing pressure, the 
star’s core cannot expand and cool. The rising temperature causes 
the helium to fuse at an ever-increasing rate, producing the helium 
flash. 

Eventually, the temperature becomes so high that the electrons 
in the core are no longer degenerate. Then, when the star’s core 
expands, the helium flash is terminated. These events occur so rap¬ 
idly that the helium flash is over in seconds, after which the star’s 
core settles down to a steady rate of helium fusion. 

CAUTION The term “helium flash” might give the impression that a 
star emits a sudden flash of light when the helium flash occurs. If 
this were true, it would be an incredible sight. During the brief time 
interval when the helium flash occurs, the helium-fusing core is 10 11 
times more luminous than the present-day Sun, comparable to the 
total luminosity of all the stars in the Milky Way Galaxy! But in 
fact, the helium flash has no immediately visible consequences—for 
two reasons. First, much of the energy released during the helium 
flash goes into heating the core and terminating the degenerate state 
of the electrons. Second, the energy that does escape the core is 
largely absorbed by the star’s outer layers, which are quite opaque. 
Therefore, the explosive drama of the helium flash takes place where 
it cannot be seen directly. 

( ConceptCheck 11-12 If a core of degenerate electrons actually 
depended on temperature, how would it respond to an increase in 
temperature? 

Answer appears at the end of the chapter. 












COSMIC CONNECTIONS Helium Fusion In A Red Giant 


A star becomes a red giant after the fusion of hydrogen into helium in its core has 
come to an end. As the red giant’s core shrinks and heats up, a new cycle of 
reactions can occur that create the even heavier elements carbon and oxygen. 



3. However, if a third 4 He nucleus 
collides with the 8 Be nucleus during 
its brief existence, the result is a 
stable nucleus of carbon ( 12 C) with 
six protons and six neutrons. 



8 Be 


/x/x/x/x/-*^ 


4. This nuclear reaction releases a 

gamma-ray photon (y). The photon’s 
energy goes into sustaining the internal 
heat of the red giant. 


5. Some 12 C nuclei collide with an 
additional 4 He nucleus to form a 
stable nucleus of oxygen ( 16 0) with 
eight protons and eight neutrons. 



12 q photon whose energy helps sustain the red 

giant’s internal heat. 
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The Continuing Evolution of a Red Giant 

Whether a helium flash occurs or not, the onset of helium fusion in 
the core actually causes a decrease in the luminosity of the star. This 
is the opposite of what you might expect—after all, turning on a 
new energy source should make the luminosity greater, not less. 
What happens is that after the onset of core helium fusion, a star’s 
superheated core expands. Temperatures drop around the expand¬ 
ing core, so the surrounding shell of hydrogen fusion reduces its 
energy output and the star’s overall energy output decreases. This 
allows the star’s outer layers to contract and heat up. Consequently, 
a post-helium-flash star is less luminous, hotter at the surface, and 
smaller than a red giant. 

Helium fusion occurring in the core lasts for only a relatively 
short time. Calculations suggest that a 1-M Q star like the Sun sus¬ 
tains hydrogen fusion in its core for about 12 billion (1.2 X 10 10 ) 
years, followed by about 250 million (2.5 X 10 8 ) years of hydrogen 
fusion in the shell surrounding the core leading up to the helium 
flash. After the helium flash, such a star can fuse helium in its core 
(while simultaneously fusing hydrogen in a shell around the core) 
for only 100 million (10 8 ) years, a mere 1% of its main-sequence 
lifetime. Figure 11-20 summarizes these evolutionary stages in the 


Core hydrogen Shell hydrogen Core helium fusion and 



Figure 11-20 

Stages in the Evolution of the Sun This diagram shows how the luminosity of the Sun 
(a 1 -M q star) changes over time. The Sun began as a protostar whose luminosity decreased 
rapidly as the protostar contracted. Once established as a main-sequence star with core 
hydrogen fusion, the Sun’s luminosity increases slowly over billions of years. The post- 
main-sequence evolution is much more rapid, so a different time scale is used in the right- 
hand portion of the graph. (Adapted from Mark A. Garlick, based on calculations by 
I.-Juliana Sackmann and Kathleen £ Kramer) 


life of a 1 -M q star. In the next chapter we will take up the story 
of what happens after a large star has consumed all the helium in 
its core. 

Here is the story of post-main-sequence evolution in its briefest 
form: Before the beginning of helium fusion in the core, the star’s 
core compresses and the outer layers expand, and just after helium 
fusion begins, the core expands and the outer layers compress. We 
will see in the next chapter that this behavior, in which the inner 
and outer regions of the star change in opposite ways, occurs again 
and again in the final stages of a star’s evolution. 

(ConceptCheck 11-13 ") Why is a star fueled by a hotter core of 
helium fusion less luminous? 

Answer appears at the end of the chapter. 

Stars of Between 0.4 and 4 M Q 
Go Through Two Distinct Red-Giant Stages 

It’s worth emphasizing again that the difference in the final chapters 
of a star’s life cycle primarily depends on one characteristic—the 
star’s mass. Main-sequence stars convert hydrogen to helium in 
their cores in a series of energy-releasing thermonuclear reactions, 
but the specific details depends on mass. Let’s examine next what 
happens to a star of moderately low mass, between 0.4 and 4 M Q . 
One example of such a star is our own Sun, with a mass of 1 M Q . 
(We’ll hold off on our discussion of the largest stars until the next 
chapter.) 

We can describe a Sunlike star’s post-main-sequence evolu¬ 
tion using an evolutionary track on a H-R diagram. Figure 11-21 
shows the track for a 1-M Q star like the Sun. When an aging star 
first becomes a red giant, the luminosity increases and the sur¬ 
face temperature drops, the post-main-sequence star moves up 
and to the right along a red-giant branch on an H-R diagram (Fig¬ 
ure ll-21a). 

Next, the helium-rich core of the star shrinks and heats until 
eventually helium fusion begins in the core. This causes the core to 
expand, which in turn makes the core cool down a bit. The cooling 
of the core also cools the surrounding hydrogen-fusing shell, so that 
the shell releases energy more slowly. Hence, the luminosity goes 
down a bit after core helium fusion begins. 

The slower rate of energy release also lets the star’s outer layers 
contract. As they contract, they heat up, so the star’s surface tem¬ 
perature increases and its evolutionary track moves to the left on 
the H-R diagram (Figure ll-21fe).The luminosity changes relatively 
little during this stage, so the evolutionary track on the H-R diagram 
moves almost horizontally. These horizontal-branch stars have 
helium-fusing cores surrounded by hydrogen-fusing shells. Figure 
11-22 shows horizontal-branch stars in a globular cluster. Globular 
clusters are so called because of their spherical shape. Because they 
contain no high-mass, main-sequence stars, they must be old, and 
hence are where we see late stages of stellar evolution. 

( ConceptCheck 11-14 ) Are horizontal-branch red-giant stars 
becoming more or less luminous? 

Answer appears at the end of the chapter. 
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(a) Before the helium flash: A red-giant star 


(b) After the helium flash: A horizontal- 
branch star 


(c) After core helium fusion ends: 
An AGB star 


Z ♦ £ Figure 11-21 

>8^ The Post-Main-Sequence Evolution of a 1-M Q Star These H-R diagrams 
show the evolutionary track of a star like the Sun as it goes through the stages of being (a) 


a red-giant star, (b) a horizontal-branch star, and (c) an asymptotic giant branch (AGB) star. 
The star eventually evolves into a planetary nebula (described in Section 11-5). 


AGB Stars: The Second Red-Giant Stage 

Helium fusion produces nuclei of carbon and oxygen. After about 
100 million (10 8 ) years of helium fusion in the core, essentially all 
the core helium of a 1-M Q star has been converted into carbon and 
oxygen, and the fusion of helium in the core ceases. Without ther¬ 
monuclear reactions to maintain the core’s internal pressure, the 
core again contracts, until it is stopped by degenerate-electron pres¬ 
sure. This contraction releases heat into the surrounding helium-rich 


gases, and a new stage of helium fusion begins in a thin shell around 
the core. 

History now repeats itself—the star enters a second red-giant 
phase. A star first becomes a red giant at the end of its main- 
sequence lifetime, when the outpouring of energy from hydrogen 
fusion in the shell surrounding the core makes the star’s outer layers 
expand and cool. In the same way, the outpouring of energy from 
shell helium fusion causes the outer layers to expand again. The 
low-mass star ascends into the red-giant region of the H-R diagram 


Figure 11-22 RIVUXG 

A Globular Cluster This cluster, called M10, contains a few 
hundred thousand stars within a diameter of only 20 pc (70 ly). 

It lies approximately 5000 pc (16,000 ly) from the Earth in the 
constellation Ophiuchus (the Serpent Holder). Most of the stars in 
this image are either red giants or blue, horizontal-branch stars with 
both core helium fusion and shell hydrogen fusion. (T. Credner and 
S. Kohle, Astronomical Institutes of the University of Bonn) 


Horizontal-branch stars 



Red giants 
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Figure 11-23 

The Structure of an Old, Moderately Low-Mass 
AGB Star Near the end of its life, a star like the Sun 
becomes an immense, red, asymptotic giant branch 
(AGB) star. The stars inert core, active helium-fusing 
shell, and dormant hydrogen-fusing shell are all 
contained within a volume roughly the size of the 
Earth. Thermonuclear reactions in the helium-fusing 
shell are so rapid that the star’s luminosity is thousands 
of times that of the present-day Sun. (The relative 
sizes of the shells in the star’s interior are not shown 
to scale.) 


for a second time (Figure ll-21c), but now with even greater lumi¬ 
nosity than during its first red-giant phase. 

Stars in this second red-giant phase are commonly called as¬ 
ymptotic giant branch stars, or AGB stars, and their evolutionary 
tracks approach the red-giant branch from the left on an H-R dia¬ 
gram. When a low-mass star first becomes an AGB star, it consists 
of an inert, degenerate carbon-oxygen core and a surrounding shell 
of helium fusion, both inside a surrounding shell of hydrogen fu¬ 
sion, all within a volume not much larger than the Earth. This small, 
dense central region is surrounded by an enormous hydrogen-rich 
envelope about as big as Earth’s orbit around the Sun. After a while, 
the expansion of the star’s outer layers causes the layers of hydrogen 
fusion to also expand and cool, and thermonuclear reactions in this 
shell temporarily cease. This leaves the aging star’s structure as 
shown in Figure 11-23. 

Remember, the shorter the amount of time it remains on the 
main sequence, the faster the star will go through these stages. Simi¬ 
larly, the greater the star’s mass, the more rapidly it goes through the 
stages of post-main-sequence evolution. Hence, we can see all of 
these stages by studying clusters of stars, which contain stars that 
are all the same age but that have a range of masses. Figure 11-24 
shows a H-R diagram for the globular cluster M55, which is at least 
13 billion years old. The least massive stars in this cluster are still 
on the main sequence. Progressively more massive stars have evolved 
to the red-giant branch, the horizontal branch, and the asymptotic 
giant branch. 

A 1-M 0 AGB star can reach a maximum luminosity of nearly 
10 4 L q , as compared with approximately 10 3 L Q when it reached 
the helium flash and a relatively paltry 1 L Q during its main- 
sequence lifetime. When the Sun becomes an AGB star some 12.3 
billion years from now, this tremendous increase in luminosity will 
cause the planet Mars and the Jovian planets to largely evaporate 
away. The Sun’s bloated outer layers will reach to the Earth’s orbit. 
Mercury and perhaps Venus will simply be swallowed whole. 

(ConceptCheck 11-15 ) When the Sun becomes an AGB star, will 
Earth’s orbit be inside the core? 

Answer appears at the end of the chapter. 
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Figure 11-24 

Stellar Evolution in a Globular Cluster In the old globular cluster M55, stars with 
masses less than about 0.8 M Q are still on the main sequence, converting hydrogen 
into helium in their cores. Slightly more massive stars have consumed their core 
hydrogen and are ascending the red-giant branch; even more massive stars have begun 
helium core fusion and are found on the horizontal branch. The most massive stars 
(which still have less than 4 M Q ) have consumed all the helium in their cores and are 
ascending the asymptotic giant branch. (Adapted from D. Schade, D. VandenBerg, 
and F. Hartwick) 
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(DB Stars between 0.4 and 4.0 M 0 eject 
planetary nebulae, leaving behind white 
dwarfs at the end of their life cycles 

For a star that began with a moderately low mass (between about 
0.4 and 4 M Q ), the AGB stage in its evolution is a dramatic turning 
point. Before this stage, a star loses mass only gradually through 
steady stellar winds. But as it evolves during its AGB stage, a star 
divests itself completely of its outer layers. The aging star undergoes 
a series of bursts in luminosity, and in each burst it ejects a shell of 
material into space. (The shell around the AGB star TT Cygni, 
shown in Figure 11-25, was probably created in this way.) Eventu¬ 
ally, all that remains of a low-mass star is a fiercely hot, exposed 
core, surrounded by glowing shells of ejected gas. This late stage in 
the life of a star is called a planetary nebula. Figure 11-26 shows 
one such planetary nebula, the Helix Nebula (named for its shape). 

(ConceptCheck 11-16 How many planets make up a planetary 
nebula? 

Answer appears at the end of the chapter. 

Making a Planetary Nebula 

To understand how an AGB star can eject its outer layers in a se¬ 
quence of spherical shells, consider the internal structure of such a 
star as shown in Figure 11-23. As the helium in the helium-fusing 
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Figure 11-25 RIVUXG 

A Carbon Star TT Cygni is an AGB star in the constellation Cygnus that ejects some 
of its carbon-rich outer layers into space. Some of the ejected carbon combines with 
oxygen to form molecules of carbon monoxide (CO), whose emissions can be detected 
with a radio telescope. This radio image shows the CO emissions from a shell of 
material that TT Cygni ejected some 7000 years ago. Over that time, the shell has 
expanded to a diameter of about Vi light-year. (H. Olofsson, Stockholm Observatory, 
et ai/NASA) 



Figure 11-26 RIVUXG 

A Planetary Nebula This photograph of the planetary nebula NGC 7293 (the Helix Nebula) 
combines ultra-sharp images from NASA’s Hubble Space Telescope and the 0.9-meter 
telescope at Kitt Peak National Observatory near Tucson, Arizona. It is one of the nearest 
planetary nebulae to Earth. (NASA, NOAO, ESA, the Hubble Helix Nebula Team, M. 
Meixner/STScI) 

shell is used up, the pressure that holds up the dormant hydrogen¬ 
fusing shell decreases. Hence, the dormant hydrogen shell contracts 
and heats up, and hydrogen fusion begins anew. This revitalized 
hydrogen fusion creates helium, which rains downward onto the 
temporarily dormant helium-fusing shell. As the helium shell gains 
mass, it shrinks and heats up. When the temperature of the helium 
shell reaches a certain critical value, it reignites. The released energy 
pushes the hydrogen-fusing shell outward, making it cool off, so 
that hydrogen fusion ceases and this shell again becomes dormant. 
The process then starts over again. 

When this momentary reignition of the helium shell occurs, the 
luminosity of an AGB star increases substantially in a relatively 
short-lived burst called a thermal pulse. Figure 11-27, which is 
based on a theoretical calculation of the evolution of a 1-M Q star, 
shows that thermal pulses begin when the star is about 12.365 bil¬ 
lion years old. The calculations predict that thermal pulses occur at 
ever-shorter intervals of about 100,000 years. 

During these thermal pulses, the dying star’s outer layers can 
separate completely from its carbon-oxygen core. As the ejected 
material expands into space, dust grains condense out of the cooling 
gases. Radiation pressure from the star’s hot, burned-out core acts 
on the specks of dust, propelling them further outward, and the star 
sheds its outer layers altogether. In this way an aging 1-M Q star loses 
as much as 40% of its mass. More massive stars eject even greater 
fractions of their original masses. 

As a dying star ejects its outer layers, the star’s hot core becomes 
exposed. With a surface temperature of about 100,000 K, this ex¬ 
posed core emits ultraviolet radiation intense enough to ionize and 
excite the expanding shell of ejected gases. These gases therefore 
glow and emit visible light through the process of fluorescence, 
producing a planetary nebula like those shown in Figure 11-28. 
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Core helium fusion and Shell helium 
shell hydrogen fusion fusion and shell 



Figure 11-27 

Further Stages in the Evolution of the Sun This diagram, which shows how the 
luminosity of the Sun (a 1-M Q star) changes over time, is an extension of Figure 11-20. We 
use different scales for the final stages because the evolution is so rapid. During the AGB 
stage there are brief periods of runaway helium fusion, causing spikes in luminosity called 
thermal pulses. (Adapted from Mark A. Garlick, based on calculations by I-Juliana 
Sackmann and Kathleen E. Kramer) 

CAUTION Despite their name, planetary nebulae have nothing to do 
with planets. This misleading term was introduced in the nineteenth 
century because these glowing objects looked like distant Jovian 
planets when viewed through the small telescopes then available. 


The difference between planets and planetary nebulae became obvi¬ 
ous with the advent of spectroscopy: Planets have absorption line 
spectra, but the excited gases of planetary nebulae have emission 
line spectra. 

(Concep t Check 11-17 What is the chemical composition of the 
remaining stellar core after the planetary nebula forms? 

Answer appears at the end of the chapter. 

The Properties of Planetary Nebulae 

Planetary nebulae are quite common. Astronomers estimate that 
there are 20,000 to 50,000 planetary nebulae in our galaxy alone. 
Many planetary nebulae, such as those in Figure 11-25, are more 
or less spherical in shape. This is a result of the symmetrical way in 
which the gases were ejected. But if the rate of expansion is not the 
same in all directions, the resulting nebula takes on an hourglass or 
dumbbell appearance (Figure 11-29). 

Spectroscopic observations of planetary nebulae show emission 
lines of ionized hydrogen, oxygen, and nitrogen. From the Doppler 
shifts of these lines, astronomers have concluded that the expanding 
shell of gas moves outward from a dying star at speeds from 10 to 
30 km/s. For a shell expanding at such speeds to have attained the 
typical diameter of a planetary nebula, about 1 light-year, it must 
have begun expanding about 10,000 years ago. Thus, by astronomi¬ 
cal standards, the planetary nebulae we see today were created only 
very recently. 

We do not observe planetary nebulae that are more than about 
50,000 years old. After this length of time, the shell has spread out 
so far from the cooling central star that its gases cease to glow and 
simply fade from view. The nebula’s gases then mix with the sur¬ 
rounding interstellar medium. 
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Central star 


Nearly spherical shell of material 
ejected from the central star 



The shell is so thin 
that we can see stars, on 
the other side... 


...but it appears 
substantial when we 
look near its rim. 
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Central star This outer shell of relatively 



This inner shell of warmer material 
was ejected more recently. 
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Figure 11-28 

Planetary Nebulae (a) The pinkish blob is a planetary nebula surrounding a star in 
the globular cluster M15, about 10,000 pc (33,000 ly) from Earth in the constellation 
Pegasus, (b) The planetary nebula Abell 39 lies about 2200 pc (7000 ly) from Earth in the 
constellation Hercules. The almost perfectly spherical shell that constitutes the nebula 
is about 1.5 pc (5 ly) in diameter; the thickness of the shell is only about 0.1 pc (0.3 ly). 


(c) This infrared image of the planetary nebula NGC 7027 suggests a more complex 
evolutionary history than that of Abell 39. NGC 7027 is about 900 pc (3000 ly) from 
Earth in the constellation Cygnus and is roughly 14,000 AU across, (a: NASA/Hubble 
Heritage Team, STScl/AURA; b: WIYN/NOAO/NSF; c: William B. Latter, SIRTF 
Science Center/Caltech, and NASA) 
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Figure 11-29 

Making an Elongated Planetary Nebula (a), (b) These illustrations show one proposed 
explanation for why many planetary nebulae have an elongated shape, (c) The planetary 
nebula MyCnl8, shown here in false color, may have acquired its elongated shape in 


this way. It lies some 2500 pc (8000 ly) from Earth in the constellation Musca (the Fly). 
(R. Sahai and J. Trauger, Jet Propulsion Laboratory; the WFPC-2 Science Team; 
and NASA) 


Astronomers estimate that all the planetary nebulae in the gal¬ 
axy return a total of about 5 M Q to the interstellar medium each 
year. This amounts to 15% of all the matter expelled by all the 
various sorts of stars in the galaxy each year. Because this contribu¬ 
tion is so significant, and because the ejected material includes 
heavier elements (metals) manufactured within a nebula’s central 
star, planetary nebulae play an important role in the chemical evolu¬ 
tion of the galaxy as a whole. 

(ConceptCheck 11-18 ") For approximately how many years will an 
isolated planetary nebula continue to expand? 

CalCUlationCheck 11 -1 ) If a planetary nebula is expanding at 10 
km/s, how long would it take to become the size of our solar system if 
Pluto is about 5 billion km from our Sun? 

Answers appear at the end of the chapter. 

Formation of a White Dwarf 

We have seen that after a moderately low-mass star (from about 
0.4 to about 4 solar masses) consumes all the hydrogen in its core, 
it is able to ignite thermonuclear reactions that convert helium to 
carbon and oxygen. Given sufficiently high temperature and pres¬ 
sure, carbon and oxygen can also undergo fusion reactions that 
release energy. But for such a moderately low-mass star, the core 
temperature and pressure never reach the extremely high values 
needed for these reactions to take place. Instead, as we have seen, 
the process of mass ejection just strips away the star’s outer layers 
and leaves behind the hot carbon-oxygen core. With no thermo¬ 
nuclear reactions taking place, the core simply cools down like a 
dying ember. Such a burnt-out relic of a star’s former glory is called 
a white dwarf. Such white dwarfs prove to have exotic physical 
properties that are wholly unlike any object found on Earth. 


CAUTION Unfortunately, the word dwarf is used in astronomy for 
several very different kinds of small objects. Here’s a review of the 
three kinds that we have encountered so far in this book. A white 
dwarf is the relic that remains at the very end of the evolution of 
a star of initial mass between about 0.4 M Q and 4 M Q . Thermo¬ 
nuclear reactions are no longer taking place in its interior; it emits 
light simply because it is still hot. A red dwarf is a cool main- 
sequence star with a mass between about 0.08 M Q and 0.4 M Q . 
The energy emitted by a red dwarf in the form of light comes from 
its core, where fusion reactions convert hydrogen into helium. 
Finally, a brown dwarf is an object like a main-sequence star but 
with a mass less than about 0.08 M Q . Because its mass is so small, 
its internal pressure and temperature are too low to sustain ther¬ 
monuclear reactions. Instead, a brown dwarf emits light because 
it is slowly contracting, a process that releases energy. White 
dwarfs are comparable in size to the Earth; by contrast, brown 
dwarfs are larger than the planet Jupiter, and red dwarfs are even 
larger. 

(C onceptCheck 11-19 ~) From largest to smallest, what is the 
sequence of sizes of a white dwarf, a red dwarf, and a brown dwarf? 

Answer appears at the end of the chapter. 

Properties of White Dwarfs 

You might think that without thermonuclear reactions to provide 
internal heat and pressure, a white dwarf should keep on shrinking 
under the influence of its own gravity as it cools. Actually, however, 
a cooling white dwarf maintains its size, because the burnt-out stel¬ 
lar core is so dense that most of its electrons are so tightly packed 
they are classified as being degenerate. Thus, degenerate-electron 
pressure supports the star against further collapse. This pressure 
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Sirius A 



5 arcseconds 


Figure 11-30 RIVUXG 

Sirius A and Its White-Dwarf Companion Sirius, the brightest-appearing star in the sky, 
is actually a binary star. The secondary star, called Sirius B, is a white dwarf. In this Hubble 
Space Telescope image, Sirius B is almost obscured by the glare of the overexposed primary 
star, Sirius A, which is about 104 times more luminous than Sirius B. The halo and rays 
around Sirius A are the result of optical effects within the telescope. (NASA; H. £ Bond 
and £ Nelan, STScI; A/I. Barstow and A/I. Burleigh, U. of Leicester; and J. B. Holberg, 

U. of Arizona) 


does not depend on temperature, so it continues to hold up the star 
even as the white dwarf cools and its temperature drops. 

Many white dwarfs are found in our local solar neighborhood, 
but all are too faint to be seen with the naked eye. One of the first 
white dwarfs to be discovered is a companion to Sirius, the brightest 
star in the night sky. This companion, designated Sirius B (Figure 
11-30), was first glimpsed in 1862 by the American astronomer 
Alvan Clark. Recent Hubble Space Telescope observations at ultra¬ 
violet wavelengths, where hot white dwarfs emit most of their light, 
show that the surface temperature of Sirius B is 25,200 K. 

Observations of white dwarfs in binary systems like Sirius 
allow astronomers to determine the mass, radius, and density of 
these stars. Such observations show that the density of the degener¬ 
ate matter in a white dwarf is typically 10 9 kg/m 3 (a million times 
denser than water). A teaspoonful of white dwarf matter brought 
to Earth would weigh nearly 5.5 tons—as much as an elephant! 

Degenerate matter has a very different relationship between its 
pressure, density, and temperature than that of ordinary gases. Con¬ 
sequently, white dwarf stars have an unusual mass-radius relation: 
The more massive a white dwarf star, the smaller it is. 

Figure 11-31 displays the mass-radius relation for white dwarfs. 
Note that the more degenerate matter you pile onto a white dwarf, 



Figure 11-31 

The Mass-Radius Relationship for White Dwarfs The more massive a white dwarf is, 
the smaller its radius. (The drawings of white dwarfs of different mass are drawn to the 
same scale as the image of Earth.) This unusual relationship is a result of the degenerate- 
electron pressure that supports the star. The maximum mass of a white dwarf, called the 
Chandrasekhar limit, is 14 M Q . 


the smaller it becomes. However, there is a limit to how much pres¬ 
sure degenerate electrons can produce. As a result, there is an upper 
limit to the mass that a white dwarf can have. This maximum mass 
is called the Chandrasekhar limit, after the Indian-American scien¬ 
tist Subrahmanyan Chandrasekhar, who pioneered theoretical stud¬ 
ies of white dwarfs in the 1930s. The Chandrasekhar limit is equal 
to 1.4 M q , meaning that all white dwarfs must have masses less 
than 1.4 M Q . 

The material inside a white dwarf consists mostly of ionized 
carbon and oxygen atoms floating in a sea of degenerate electrons. 
As the dead star cools, the carbon and oxygen ions slow down, and 
electric forces between the ions begin to prevail over the random 
thermal motions. About 5 X 10 9 years after the star first becomes 
a white dwarf, when its luminosity has dropped to about 10“ 4 L Q 
and its surface temperature is a mere 4000 K, the ions no longer 
move freely. Instead, they arrange themselves in orderly rows, like 
an immense crystal lattice. From this time on, you could say that 
the star is “solid.” The degenerate electrons move around freely in 
this crystal material, just as electrons move freely through an electri¬ 
cally conducting metal like copper or silver. A diamond is also crys¬ 
tallized carbon, so a cool carbon-oxygen white dwarf resembles an 
immense spherical diamond! 

( ConceptCheck 11-2(T ) How does the size of a white dwarf 
change as it cools? 

Answer appears at the end of the chapter. 
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From Red Giant to Planetary 
Nebula to White Dwarf 

Figure 11-32 shows the evolutionary tracks followed by three 
burned-out stellar cores as they pass through the planetary nebula 
stage and become white dwarfs. When these three stars were red 
giants, they had masses of 0.8,1.5, and 3.0 M Q . Mass ejection strips 
these dying stars of up to 60% of their matter. During their final 
spasms, the luminosity and surface temperature of these stars change 
quite rapidly. The points representing these stars on an H-R diagram 
race along their evolutionary tracks, sometimes executing loops cor¬ 
responding to thermal pulses (shown as Track B and Track C in 
Figure 11-32). Finally, as the ejected nebulae fade and the stellar 
cores cool, the evolutionary tracks of these dying stars take a sharp 
turn toward the white-dwarf region of the H-R diagram. As the 
table accompanying Figure 11-32 shows, the final white dwarf has 
only a fraction of the mass of the giant star from which it evolved. 

Although a white dwarf maintains the same size as it cools, its 
luminosity and surface temperature both decrease with time. 


These evolutionary tracks follow 
three different giant stars as they 
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Figure 11-32 

Evolution from Giants to White Dwarfs This H-R diagram shows the evolutionary tracks 
of three low-mass giant stars as they eject planetary nebulae. The table gives the extent 
of mass loss in each case. The dots represent the central stars of planetary nebulae whose 
surface temperatures and luminosities have been determined; the crosses represent white 
dwarfs of known temperature and luminosity. (Adapted from B. Paczynski) 



Figure 11-33 

White Dwarf “Cooling Curves” As white-dwarf stars radiate their internal energy into 
space, they become dimmer and cooler. The blue lines show the evolutionary tracks of 
four white dwarfs of different mass: The more massive a white dwarf, the smaller and 
hence fainter it is. Compare these “cooling curves” with the lines of constant radius in 
Figure 10-15b. 


Consequently, the evolutionary tracks of aging white dwarfs point 
toward the lower right corner of the H-R diagram. You can see this 
in Figure 11-32; Figure 11-33 shows it in more detail. The energy 
that the white dwarf radiates into space comes only from the 
star’s internal heat, which is a relic from the white dwarf’s past 
existence as a stellar core. Over billions of years, white dwarfs grow 
dimmer and dimmer as their surface temperatures drop toward 
absolute zero. 

After ejecting much of its mass into space, our own Sun will 
eventually evolve into a white-dwarf star about the size of the Earth 
and with perhaps one-tenth of its present luminosity. It will become 
even dimmer as it cools. After 5 billion years as a white dwarf, the 
Sun will radiate with no more than one ten-thousandth of its present 
brilliance. With the passage of eons, our Sun will simply fade into 
obscurity. The Cosmic Connections: Our Sun: The Next Eight Bil¬ 
lion Years figure summarizes the full evolutionary cycle of a 1-M Q 
star like the Sun, from its birth as a main-sequence star to its demise 
as a white dwarf. 

This process describes the evolutionary process of the vast ma¬ 
jority of stars in our galaxy. Yet, the most dramatic and dynamic 
changes happen in the rarest of the largest aging stars, which we 
address in the following chapter. 

fConceptCheck11-21 As the red giant moves through the 
planetary nebula stage to the white-dwarf star stage, in which directions 
on the H-R diagram are the star’s graphed positions moving? 

Answer appears at the end of the chapter. 
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Our Sun: The Next 
Eight Billion Years 



The Sun is presently less than halfway through its lifetime as a main-sequence star. The 
H-R diagram and cross-sections on this page summarize the dramatic changes that will 
take place when the Sun’s main-sequence lifetime comes to an end. 


NOTE: The illustrations 
below do not show the 
dramatic changes in the 
Sun’s radius as it 
evolves. The sizes of the 
various layers are not 
shown to scale. 
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1. On the main seauence 


The present-day Sun is a 
main-sequence star - in its core, 
hydrogen fuses to produce helium. 


Fusion does not occur in the outer 
layers (which contain 
predominantly hydrogen and 
helium). 


2. Becoming a red giant 

At the end of the Sun’s 
main-sequence lifetime, fusion 
stops in the core (which has been 
converted t© helium). 


Fusion of hydrogen into helium 
continues in a shell around the 
core. The core shrinks, accelerating 
the fusion reactions in the shell and 
making the outer layers expand 
and cool. 


3. The helium flash 

As the core contracts and heats, the 
core helium begins to fuse to make 
carbon and oxygen. The core 
expands and the rate of energy 
release slows, v 

\ I y Hydrogen 
Wr \ / fusion 

/ft continues in 
Vp a shell 

around the 


The outer layers (where there are 
still no fusion reactions) contract 
and get hotter due to the slower 
rate of energy release. 


4. Beginning the second red 
giant phase 

Once the core helium is consumed, 
what remains is an inert core of 
carbon and oxygen. The core again 
shrinks and gets hotter. 

\ Helium- 

fusing shell 



Hydrogen¬ 
fusing shell 


The shrinkage of the core again 
accelerates fusion reactions in the 
shells, making the inert outer layers 
expand and cool. 


5. The Sun reaches its 
maximum size 

Inert carbon-oxygen core 


Hydrogen¬ 
fusing shell 


/ Helium¬ 
fusing shell 

Outer layers 
(still no 
fusion 
reactions) 


6. A planetary nebula 

Thermal pulses cause spikes in 
luminosity that eject the star’s outer 
layers. 


7. The end of nuclear 
reactions 

With the outer layers gone, the 
pressure on the shells around the 
core is too little to sustain nuclear 


8. A white dwarf 

The core is now a white dwarf star, 
and the former shells around the 
core become its thin atmosphere. 


The Sun is more than 100 times 
larger in radius than when it was a 
main-sequence star. Part of the 
outer layers escapes into space in a 
stellar wind. 


As the hot interior of the star is 
exposed, we observe an increase in 
the star’s surface temperature. 


The star still glows intensely 
because of its high temperature. As 
energy is lost in the form of 
electromagnetic radiation, the star 
slowly cools. 


The carbon-oxygen interior of the 
white dwarf is degenerate, so it 
does not contract as it cools. Hence 
the white dwarf’s radius no longer 
changes. 


Hydrogen and helium, 
no fusion 


Hydrogen fusion 
producing helium 


Helium, no fusion 


Helium fusion producing 
carbon and oxygen 


Carbon and oxygen, 
no fusion 



























Star Cluster Ages 



PROMPT: What would you tell a fellow student who said, “The 
youngest star dusters have most of their stars in the red-giant 
phase/’ 

ENTER RESPONSE: 


Guiding Questions: 

1. The age of the Pleiades cluster is about 

a. 10 million years old. 

b. 100 million years old. 

c. 1 billion years old. 

d. 10 billion years old. 

2. Compared to the Coma star cluster, the Praesepe star cluster is 

a. older. 

b. younger. 

c. larger. 

d. hotter. 

3. The cluster’s turnoff point is where the 

a. most massive stars are leaving the main sequence. 

b. least massive stars are leaving the main sequence. 

c. majority of stars form. 

d. black holes form. 

4. Compared to the older clusters, the younger clusters have most 
of their stars 

a. at 5000 K. 

b. in red-giant phase. 

c. on the main sequence. 

d. with luminosities less than the Sun. 


Key Ideas and Terms 


11-1 Stars form from the collapse of immense clouds of interstellar gas 

and dust 

• Star lifetimes exceed human life spans, so they must be studied 
by looking at numerous stars at different stages in their life 
cycles. 

• Gas and dust, which make up the interstellar medium, are clumped 
into clouds called nebulae. 

• Emission nebulae are glowing, ionized clouds of gas, powered by 
ultraviolet light that they absorb from nearby hot stars. 


• Dark nebulae are so dense that they are opaque. They appear as dark 
blots against a background of distant stars. 

• Reflection nebulae are produced when starlight is reflected from dust 
grains in the interstellar medium, producing a characteristic bluish glow. 

• Star formation begins in dense, cold clouds, where gravitational 
attraction causes a clump of material to condense into a protostar. 

• T Tauri stars are protostars with emission lines as well as absorption 
lines in their spectra and whose luminosity can change irregularly as 
they eject material into space. 

• The dusty material being added to the protostar is known as a 
circumstellar accretion disk, and the surrounding material that forms 
planets are called protoplanetary disks, or proplyds. 
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• Supernova remnants are the remains of large, exploded stars that have 
run out of fuel. 


Questions 


11-2 Most stars shine throughout their lives by converting hydrogen into 

helium through nuclear fusion 

• Nuclear fusion occurs when smaller atoms combine together to make 
heavier atoms. 

• Stars spend the majority of their life cycles consuming hydrogen and 
forging heavier elements, releasing energy in the process. 

• Stars often form in clusters from the same large interstellar cloud, with 
all stars having a similar chronological age and initial chemical 
composition. 

• A star cluster’s age is equal to the age of the main-sequence stars at 
the turnoff point (the upper end of the remaining main sequence). 

As a cluster ages, the main sequence is “eaten away” from the 
upper left as stars of progressively smaller mass evolve into red 
giants. 

11-3 Careful observations of star clusters provide insight into how a 

star’s mass influences how stars change over time 

• Population I stars formed from remains of other stars and are 
metal rich. 

• Population II stars are first-generation stars formed in the very early 
galaxy and are metal poor. 

• The most important characteristic determining a star’s main-sequence 
lifetime is its mass. 

11-4 Stars slowly become red giants 

• The central core of a star is the location of highest pressure and 
temperature and where core fusion occurs. 

• Spherical shells of material surround a star’s core and shell fusion can 
occur there if hot enough. 

• Stars join the main-sequence group when they begin hydrogen fusion 
in their cores. 

• Stars leave the main-sequence group and become brighter and cooler 
giant stars when their core hydrogen is depleted. 

• The triple alpha process combines helium atoms to form carbon and 
release energy. 

• In a more massive red giant, fusion of helium begins gradually; in a 
less massive red giant, it begins suddenly, in a process called the 

helium flash. 

• Degenerate-electron pressure supports a helium-rich core with atoms 
packed as closely as negatively charged, electric repulsing electrons 
will allow. 

• Stars in a second red-giant phase are asymptotic giant branch stars, or 
AGB stars, and their evolutionary tracks approach the red-giant 
branch from the left on an H-R diagram. 

11-5 Low-mass stars pulsate and eject planetary nebulae, leaving behind 

a white dwarf at the end of their life cycles 

• Helium shell flashes in an old, moderately low-mass star produce 
thermal pulses during which more than half the star’s mass may be 
ejected into space, exposing the hot, dense, carbon-oxygen core of the 
star, called a white dwarf. 

• Ultraviolet light from the exposed core ionizes and excites the ejected 
gases, producing a planetary nebula. 


Review Questions 

1. If no one has ever seen a star go through the complete formation 
process, how are we able to understand how stars form? 

2. If an interstellar medium fills the space between the stars, how is that 
we are able to see the stars at all? 

3. In Figure 11-2, what makes the Horsehead Nebula dark? What 
makes IC 434 glow? 

4. Describe the energy source that causes a protostar to shine. How does 
this source differ from the energy source inside a main-sequence star? 

5. In what ways is the internal structure of a 1-M Q main-sequence 
star different from that of a 5-M Q main-sequence star? How is it 
different from a 0.5-M o main-sequence star? What features are 
common to all these stars? 

6. How does the chemical composition of the present-day Sun’s core 
compare to the core’s composition when the Sun formed? What 
caused the change? 

7. On what grounds are astronomers able to say that the Sun has about 
7 X 10 9 years remaining in its main-sequence stage? 

8. Explain how it is possible for the core of a red giant to contract at 
the same time that its outer layers expand. 

9. Why does helium fusion require much higher temperatures than 
hydrogen fusion? 



What does it mean when an astronomer says that a star 
“moves” from one place to another on an H-R diagram? 



Explain how and why the turnoff point on the H-R 
diagram of a cluster is related to the cluster’s age. 


12. What is the difference between Population I and Population II stars? 
In what sense can the stars of one population be regarded as the 
“children” of the other population? 

13. What are thermal pulses in AGB stars? What causes them? What 
effect do they have on the luminosity of the star? 

14. How can an astronomer tell the difference between a planetary 
nebula and a planet? 

15. What is a white dwarf? Does it produce light in the same way as a 
star like the Sun? 


Web Chat Questions 

1. Some science-fiction movies show stars suddenly becoming 
dramatically brighter when they are “born” (that is, when 
thermonuclear fusion reactions begin in their cores). Discuss whether 
or not this is a reasonable depiction. 

2. Eventually the Sun’s luminosity will increase to the point where Earth 
can no longer sustain life. Discuss what measures a future civilization 
might take to preserve itself from such a calamity. 

Collaborative Exercises 

1. Imagine that your group walks into a store that specializes in selling 
antique clothing. Prepare a list of observable characteristics that you 
would look for to distinguish which items were from the early, 
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middle, and late twentieth century. Also, write a paragraph that 
specifically describes how this task is similar to how astronomers 
understand the evolution of stars. 

2. Consider advertisement signs visible at night in your community and 
provide specific examples of ones that are examples of the three 
different types of nebulae that astronomers observe and study. If an 
example doesn’t exist in your community, creatively design an 
advertisement sign that could serve as an example. 

3. The inverse relationship between a star’s mass and its main- 
sequence lifetime is sometimes likened to automobiles in that the 
more massive vehicles, such as commercial semi-tractor-trailer 
trucks, need to consume significantly more fuel to travel at highway 
speeds than more lightweight and economical vehicles. As a group, 
create a table called “Maximum Vehicle Driving Distances,” much 
like Table 11-1: Approximate Main-Sequence Lifetimes, by making 
estimates for any five vehicles of your group’s choosing. The 
table’s column headings should be (1) vehicle make and model; 

(2) estimated gas tank size; (3) cost to fill tank; (4) estimated 
mileage (in miles per gallon); and (5) number of miles driven on a 
single fill-up. 

Observing Projects 

1. Use the Starry Night College™ program to investigate a star-forming 
region. Click the Home button in the toolbar to reset the view to 
your home location. Open the Options pane, expand the Deep Space 
layer, and select the option for Messier Objects while deselecting all 
the other options in this layer. Now use the Find pane to center the 
view on M20, the Trifid Nebula. (If necessary, allow the program to 
set the Best Time for bringing this object into view.) Zoom to a field 
of view of about 100°. Click the Stop button to stop time flow and 
then set the Time in the toolbar to 12:00:00 a.m. (midnight) with 
Daylight Saving Time off. 

a) On which date is M20 highest in the sky at midnight, so that it 
is best placed for observing with a telescope? Explain how you 
determined this. Hint: You may wish to go to View > Alt/Az 
Guides and display the local meridian in the view to help you 
answer this question. 

b) Where is M20 in the sky relative to the Milky Way? 

c) In which constellation is M20? 

2. Use the Starry Night College™ program to observe the characteristics 
of several nebulae in the Milky Way galaxy. Open Favourites > 
Investigating Astronomy > Atlas and then select View > Galactic 
Guides > Equator from the menu to indicate the plane of the disk of 
the Milky Way Galaxy. Next, use the Find pane to locate the 
following nebulae. Zoom in on each of these objects and describe 
your observations, noting the object’s distance from the galactic 
equator, and whether it is a dark, reflection, or emission nebula, or 
some combination of these. 

a) NGC 7000 (the North America Nebula) 

b) M20 (the Trifid Nebula) 

c) M8 (the Lagoon Nebula) 

d) M42 (the Orion Nebula) 

3. Use the Starry Night College™ program to examine two planetary 
nebulae. Select Favourites > Investigating Astronomy > Atlas and use 
the Find pane to center on and magnify M57 (the Ring Nebula) and 
M27 (the Dumbbell Nebula). For each of these objects, note their 
Distance from observer in the HUD, and then use the angular 
separation tool to measure the approximate angular radius of each of 
these nebulae. 


a) How do you account for the difference in the shape of these two 
planetary nebulae? 

b) What is the nature of the central star in each of these nebulae? 

c) Assuming that both of these nebulae have been expanding at the 
same rate (measured in km/s), which of the stars at the cores of 
these nebulae reached the end of its life cycle first (i.e., which of 
these nebulae is the older)? 

d) Using an average rate of expansion of 20 km/s for the shell of 
gas that forms the Ring Nebula (M57), approximately how long 
ago, in years, did the star at the center of this nebula reach the 
end of its life cycle? 

Answers 

ConceptChecks 

ConceptCheck 11-1: It would become a dark nebula because a dark nebula 
has the same composition as a reflection nebula, but the fine grains of dust 
comprising it would block out nearly all of the distant starlight if it were 
compressed to a higher density. 

ConceptCheck 11-2: Protostars both gain mass, through dust grain colli¬ 
sions that slow the material causing mass to migrate into the protostar, and 
simultaneously lose mass, through a T Tauri wind process, during their 
formation. 

ConceptCheck 11-3: Any compressive physical process that will cause an 
interstellar cloud of dust and gas to collapse can start the stellar formation 
process. 

ConceptCheck 11-4: Helium atoms are created during the nuclear fusion 
process of combining hydrogen atoms near the star’s central core. 

ConceptCheck 11-5: A shrinking core will have a higher rate of nuclear re¬ 
actions causing the outer layers to shine more brightly, heat, and expand. 

ConceptCheck 11-6: Red dwarfs have convection cells that move fresh 
hydrogen from the surface into the core for fuel so that nearly all of the 
hydrogen in a red dwarf can be used for fuel. 

ConceptCheck 11-7: Metal-rich stars, like our Sun, are classified as Popula¬ 
tion I stars. 

ConceptCheck 11-8: No. Our Sun is a metal-rich star, which means it was 
formed from the remains of previously existing stars. 

ConceptCheck 11-9: The inward pull of gravity in the most massive of stars 
compresses the core, making it hotter and more dense resulting in dramati¬ 
cally higher rates of thermonuclear reactions occurring in the core. 

ConceptCheck 11-10: According to Wien’s law, the most common wave¬ 
length of light emitted by a glowing object becomes longer, toward the red 
end of the spectrum, as its temperature decreases. 

ConceptCheck 11-11: In a red giant, the core is at a significantly higher 
temperature and density that allows helium atoms to combine and fuse 
together, releasing energy. 

ConceptCheck 11-12: Normal gases expand when temperature increases, 
which does not occur in a core of degenerate electrons. 

ConceptCheck 11-13: Because a hotter core expands, reducing the tempera¬ 
ture of the outer shell, which slows the shell hydrogen fusion reactions, 
reducing the overall energy output. 
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ConceptCheck 11-14: Horizontal-branch stars are moving to the left on 
the H-R diagram and are increasing their temperature, but not changing 
their luminosity. 

ConceptCheck 11-15: No. The core of an AGB star is quite small, about the 
diameter of planet Earth, not the diameter of Earth’s orbit about the Sun. 

ConceptCheck 11-16: None. A planetary nebula results from the ejected 
outer layers of an aging AGB star and doesn’t involve planets. 

ConceptCheck 11-17: The remaining core is composed of carbon and 
oxygen. 

ConceptCheck 11-18: Without slowing due to friction with nearby dust, a 
planetary nebula will continue to expand indefinitely. 

ConceptCheck 11-19: A white dwarf is the smallest, about the size of planet 
Earth; a brown dwarf is in between, being somewhat larger than a gas giant 


planet like Jupiter; and a red dwarf is largest, being one of the smallest 
stable stars. 

ConceptCheck 11-20: White-dwarf stars do not change their size as they 
cool because the electrons are in the degenerate state and the white dwarf 
cannot contract any further regardless of temperature. 

ConceptCheck 11-21: The evolutionary tracks of a red giant becoming a 
white dwarf move from right to left as the shrouding planetary nebula dif¬ 
fuses and from upper left to the lower right as the star dims. 

CalculationCheck 

CalculationCheck 11-1: Gases traveling at 10 km/s would take 5 X 10 9 km 
■j- 10 km/s = 5 X 10 8 seconds to traverse the 5 billion kilometer distance 
from the Sun to Pluto: 5 X 10 8 seconds 3600 seconds/hour = 140,000 
hours, or about 15 years. 
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R I V U X G A false-color image of the supernova remnant known as the Crab Nebula. (NASA; X-ray: CXC; J. Hester, et ai, Arizona State 
University; Optical: ESA,J. Hester and A. Loll, Arizona State University; Infrared: JPL-Caltech; R. Gehrz, University of Minnesota) 


Predicting the Violent 
End of the Largest Stars 


W hen a relatively low-mass star like our Sun reaches the end of its 
main-sequence lifetime and becomes a red giant, it comes to have 
a compressed core and a bloated atmosphere ending its evolution 
by gently expelling its outer layers into space, leaving a burned-out core as 
remains. In contrast, a high-mass star ends its life in almost inconceivable vio¬ 
lence. At the end of its short life, the core of such a star collapses suddenly. 


This triggers a powerful supernova explosion that can be as luminous as an 
entire galaxy of stars. Thermonuclear reactions in supernovae produce a wide 
variety of heavy elements, which are ejected into interstellar space. Such 
heavy elements become the essential building blocks for terrestrial worlds 
like our Earth. Thus, the deaths of massive stars can provide the seeds for 
planets orbiting succeeding generations of stars. 


Key Ideas 


BY READING THE SECTIONS OF THIS CHAPTER, YOU WILL LEARN 


High-mass stars create heavy elements in their cores before 
violently blowing apart in supernova explosions, leaving 
behind remnants 

m Core-collapse supernovae can leave behind remnants, 
neutron stars, and pulsars 


(jVHl Black holes are created in the death throes of the most 
massive of stars 

Black holes cannot be seen directly 

fj VBa White dwarfs and pulsars in close binary systems can become 
novae, bursters, and supernovae 
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In this chapter, we will look at the physical processes that occur when 
the most massive stars reach the final stages of their life cycles. After a ces¬ 
sation of the nuclear reactions that support a giant stellar core, a star’s outer 
layers can rapidly dissipate, leaving behind a tiny, crushed core that emits very 
little light as a neutron star or a pulsar. As we will see, it is not only the largest 
of stars that can end violently. A normally quiet white dwarf, too, can suddenly 
flare up into an exploding supernova if it accretes gas from a companion star 
in a close binary system. 

But, for the largest of the giant stars, the end can be even more bizarre. 
Imagine, instead, a swirling disk of gas and dust, orbiting around an object 
that has more mass than the Sun but is so dark that it cannot be seen. 
Imagine the material in this disk being compressed and heated as it spirals 
into the unseen object, reaching temperatures so high that the material 
emits X-rays. And imagine that the unseen object has such powerful gravity 
that any material that falls into it simply disappears, never to be seen again. 
These unseen objects with immensely strong gravity are called block holes. 
The matter that makes up a black hole has been so greatly compressed that 
it violently warps space and time. If you get too close to a black hole, the 
speed you would need to escape it exceeds the speed of light. Because 
nothing can travel faster than light, nothing—not even light—can escape 
from a black hole. Even more remarkable is the discovery that black holes 
of more than a million solar masses lie at the centers of many galaxies, in¬ 
cluding our own Milky Way. 


( ffEB High-mass stars create heavy 
elements in their cores before violently 
blowing apart in supernova explosions, 
leaving behind remnants 


The swollen red-giant and white-dwarf end-state of a 
" star like our Sun is stunning indeed. But what about stars 
many more times massive than the Sun? The life story of 
a high-mass star (with an initial mass greater than about 4 M Q ) 
begins with the same hydrogen fusing into helium reactions as we 
observe in smaller stars. But theoretical calculations show that high- 
mass stars can also go through several additional stages of thermo¬ 
nuclear reactions, involving the fusion of carbon, oxygen, and other 
heavy nuclei. As it turns out, the failure of internal pressure from 
thermonuclear reactions to hold up the crushing weight of a giant 
star’s outer layers is even much more catastrophic than that. 


Heavy-Element Fusion in Massive Stars 

One of the key differences between Sunlike stars and those that 
are many times more massive is that the largest stars are able to 
forge the heaviest of chemical elements. Why is fusion of heavy 
nuclei possible only in a high-mass star? The reason is that heavy 
nuclei have large electric charges: For example, a nucleus of car¬ 
bon has 6 positively charged protons and hence 6 times the charge 
of a hydrogen nucleus (which has a single proton). This means 
that there are strong electric forces that tend to keep these nuclei 
apart. Only at the great speeds associated with extremely high 
temperatures can the nuclei travel fast enough to overcome their 


mutual electric charge repulsion and fuse together. To produce 
these very high temperatures at a star’s center, the pressure must 
also be very high. Hence, only the largest stars have enough mass 
bearing down on the core to produce extremely high temperatures 
at the center. 

As we discussed in the last chapter, when a main-sequence star 
with a mass greater than about 0.4 M Q uses up its core hydrogen, 
it begins shell hydrogen fusion and enters a red-giant phase. But in 
stars whose overall mass is more than about 4 M Q , the carbon- 
oxygen core is more massive than the Chandrasekhar limit of 
1.4 M q , so degenerate-electron pressure cannot prevent the core 
from contracting and heating. As a result, a high-mass star is able 
to enter a new round of core thermonuclear reactions. When the 
central temperature of such a high-mass star reaches 600 million 
kelvins (6 X 10 8 K), the first of the new thermonuclear reactions 
begins with carbon. The thermonuclear process of carbon fusion 
consumes carbon nuclei ( 12 C, with 6 protons in each nucleus) and 
produces oxygen ( 16 0, 8 protons), neon ( 20 Ne, 10 protons), sodium 
( 23 Na, 11 protons), and magnesium ( 23 Mg and 24 Mg, each with 12 
protons). 

If a star has an even larger main-sequence mass of about 8 M Q 
or so (before mass ejection), even more thermonuclear reactions 
can take place. After the cessation of carbon fusion, the core will 
again contract, and the star’s central temperature can rise to 1 bil¬ 
lion kelvins (10 9 K). At this temperature, fusion of neon nuclei can 
begin. This uses up the neon accumulated from carbon fusion and 
further increases the concentrations of oxygen and magnesium in 
the star’s core. 

After neon fusion ends, the core will again contract, and oxy¬ 
gen nuclei will begin to fuse into silicon ( 28 Si, 14 protons) when 
the central temperature of the star reaches about 1.5 billion kelvins 
(1.5 X 10 9 K). Once oxygen fusion is over, the core will contract 
yet again. If the central temperature reaches about 2.7 billion kel¬ 
vins (2.7 X 10 9 K), silicon will begin to fuse, producing a variety 
of nuclei from sulfur ( 32 S, 16 protons) to iron ( 56 Fe, 26 protons) 
and nickel ( 56 Ni, 28 protons). While all of this is going on in the 
star’s interior, at the surface the star is losing mass at a rapid rate 
(Figure 12-1). 

As a high-mass star consumes increasingly heavier nuclei, the 
thermonuclear reactions produce a wider variety of products. For 
example, oxygen fusion produces not only silicon but also magne¬ 
sium ( 24 Mg, with 12 protons), phosphorus ( 31 P, with 15 protons), 
and sulfur ( 31 S and 32 S, each with 16 protons). Some thermonuclear 
reactions that create heavy elements also release neutrons. A neu¬ 
tron is like a proton except that it carries no electric charge. There¬ 
fore, neutrons are not repelled by positively charged nuclei, and so 
can easily collide and combine with them. This absorption of neu¬ 
trons by nuclei creates many elements and isotopes that are not 
produced directly in fusion reactions. 

ConceptCheck12-l ) If the core of our Sun was compressed to a 
much higher density and able to maintain a temperature of 1.5 billion 
kelvins (1.5 X 10 9 K) in its core, what would happen to the helium in its 
very center? 

Answer appears at the end of the chapter. 
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Hydrogen-fusing shell 
Helium-fusing shell 
Carbon-fusing shell 
Neon-fusing shell 
Oxygen-fusing shell 
Silicon-fusing shell 
Iron core (no fusion) 

supergiant star 
Jupiter’s orbit 


Figure 12-2 

The Structure of an Old High-Mass Star Near the end of its life, a star with an initial 
mass greater than about 8 M Q becomes a red supergiant. The star’s overall size can 
be as large as Jupiter’s orbit around the Sun. The star’s energy comes from a series of 
concentric fusing shells, all combined within a volume roughly the same size as the Earth. 
Thermonuclear reactions do not occur within the iron core, because fusion reactions that 
involve iron absorb energy rather than release it. 




1.6 billion kilometers 


Figure 12-1 RIVUXG 

Mass Loss from a Supergiant Star At the heart of this nebulosity, called SMC N76, lies 
a supergiant star with a mass of at least 18 M Q . This star is losing mass at a rapid rate in a 
strong stellar wind. As this wind collides with the surrounding interstellar gas and dust, it 
creates the “bubble” shown here. SMC N76, which has an angular diameter of 130 arcsec, 
lies within the Small Magellanic Cloud, a small galaxy that orbits our Milky Way. It is about 
60,600 pc (198,000 ly) distant. (Y. Naze, G. Rauw,J. Manfroid, andJ.-M. Vreux, Liege 
Institute; Y.-H. Chu, U. of Illinois; and ESO) 


Supergiant Stars and Their Evolution 

The increasing density and temperature of the core make each suc¬ 
cessive thermonuclear reaction more rapid than the one that pre¬ 
ceded it. As an example, Table 12-1 shows a theoretical calculation 


of the evolutionary stages for a star with a birth mass of 25 M Q . 
This calculation indicates that carbon fusion in such a star lasts for 
600 years, neon fusion for 1 year, and oxygen fusion for only 6 
months. The last, and briefest, stage of nuclear reactions is silicon 
fusion. The entire core supply of silicon in a 25-M Q star is used up 
in only one day! 

Each stage of core fusion in a high-mass star generates a new 
shell of material around the core. After several such stages, the 
internal structure of a truly massive star—say, 25 to 30 M Q or 
greater—resembles that of an onion (Figure 12-2). Because ther¬ 
monuclear reactions can take place simultaneously in several 
shells, energy is released at such a rapid rate that the star’s outer 
layers expand tremendously. The result is a supergiant star, whose 


TABLE 12-1 

Evolutionary Stages of a 25-M G 

, Star 


Stage 


Core temperature 

Core density (kg/m 3 ) 

Duration of stage 

Hydrogen fusion 

4 X 10 7 

5 x 10 3 

7 X 10 6 years 

Helium fusion 


2 X 10 8 

7 X 10 5 

7 X 10 5 years 

Carbon fusion 


6 X 10 8 

2 X 10 s 

600 years 

Neon fusion 


1.2 X 10 9 

4 X 10 9 

1 year 

Oxygen fusion 


1.5 X 10 9 

10 10 

6 months 

Silicon fusion 


2.7 X 10 9 

3 x 10 10 

1 day 

Core collapse 


5.4 X 10 9 

3 x 10 12 

Va second 

Core bounce 


2.3 X 10 10 

4 x 10 17 

milliseconds 

Explosive supernova 

about10 9 

varies 

10 seconds 
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luminosity and radius are much larger than those of a giant. Sev¬ 
eral of the brightest stars in the sky are supergiants, including 
Betelgeuse in the constellation Orion and Antares in the constel¬ 
lation Scorpius. (Figure 10-15 shows the locations of these stars 
on an H-R diagram.) 

A supergiant star cannot keep adding shells to its “onion” 
structure forever, because the sequence of thermonuclear reactions 
cannot go on indefinitely. In order for an element to serve as a 
thermonuclear fuel, energy must be given off when its nuclei collide 
and fuse. This released energy is a result of the strong nuclear force 
of attraction that draws nucleons (neutrons and protons) together. 
However, protons also repel one another by the weaker electric 
force. As a result of this electric repulsion, adding extra protons to 
nuclei larger than iron, which has 26 protons, requires an input of 
energy rather than causing energy to be released. Nuclei of this size 
or larger cannot act as fuel for thermonuclear reactions. Hence, 
the sequence of fusion stages ends with silicon fusion. One of the 
products of silicon fusion is iron, and the result is a star with an 
iron-rich core in which no thermonuclear reactions take place (see 
Figure 12-2). 

Shell fusion in the layers surrounding the iron-rich core con¬ 
sumes the star’s remaining reserves of fuel. At this stage the entire 
energy-producing region of the star is contained in a volume no 
bigger than the Earth, some 10 6 times smaller in radius than the 
overall size of the star. This state of affairs will soon come to an 
end, because the buildup of an inert, iron-rich core signals the im¬ 
pending violent death of a massive supergiant star. 

(ConceptCheck 12-2 ~) How long does the neon fusion stage last 
in a Sunlike star? 

Answer appears at the end of the chapter. 

The Violent End of a High-Mass Star 

To understand what happens in a core-collapse supernova explo¬ 
sion, we must look deep inside a massive star at the end of its life. 
Of course, we cannot do this in actuality, because the interiors of 
stars are opaque. But astronomers have developed theoretical mod¬ 
els based on what we know about the behavior of gases and atomic 
nuclei. The story that follows, while largely theoretical, describes 
our observations of supernovae fairly well. 

The core of an aging, massive star gets progressively hotter as 
it contracts to ignite successive stages of thermonuclear fusion (see 
Stage 1 in Figure 12-3). Remember that as the temperature of an 
object like a star increases, so does the energy of the photons it 
emits. When the temperature in the core of a massive star reaches 
a few hundred million kelvins, the photons are energetic enough to 
initiate a host of nuclear reactions that create neutrinos which es¬ 
cape draining the star’s energy. 

To compensate for the energy drained by the neutrinos, the star 
must provide energy either by consuming more thermonuclear fuel, 
by contracting, or both. But when the star’s core is converted into 
iron, no more energy-producing thermonuclear reactions are pos¬ 
sible, and the only source of energy is contraction and rapid heating 
(see Stage 2 in Figure 12-3). 


Once a star with an original mass of about 8 M Q or more 
develops an iron-rich core, the core contracts very rapidly, so that 
the core temperature skyrockets to 5 X 10 9 K within a tenth of a 
second. The gamma-ray photons emitted by the intensely hot core 
have so much energy that when they collide with iron nuclei, they 
begin to break the iron nuclei down into much smaller helium 
nuclei ( 4 He). As Table 12-1 shows, it takes a high-mass star mil¬ 
lions of years and several stages of thermonuclear reactions to 
build up an iron core; within a fraction of a second, the degra¬ 
dation process undoes the result of those millions of years of 
reactions. 

Within another tenth of a second, the core becomes so dense 
that the negatively charged electrons within it are forced to combine 
with the positively charged protons to produce electrically neutral 
neutrons. This process also releases a flood of neutrinos, denoted 
by the Greek letter v (nu): 

e“ + p —> n + v 

At about 0.25 second after its rapid contraction begins, the core 
is less than 20 km in diameter and its density is in excess of 4 X 
10 17 kg/m 3 . This is tremendously dense and is the density with which 
neutrons and protons are packed together inside the nucleus of an 
atom. (If the Earth were compressed to this density, it would be only 
300 meters, or 1000 feet, in diameter.) 

Matter at the density where neutrons and protons are packed 
together is extraordinarily difficult to compress to an even more 
dense state. Thus, when the density of the neutron-rich core begins 
to exceed this state, the core suddenly becomes very stiff and rigid. 
The core’s contraction comes to a sudden halt, and the innermost 
part of the core actually bounces back and expands somewhat. This 
core bounce sends a powerful wave of pressure, like an unimagin¬ 
ably intense sound wave, outward into the outer core (see Stage 3 
in Figure 12-3). 

During this critical stage, the cooling of the core has caused the 
pressure to decrease profoundly in the regions surrounding the core. 
Without pressure to hold it up against gravity, the material from 
these regions plunges inward with great speed and force. When this 
inward-moving material crashes down onto the rigid core, it en¬ 
counters the outward-moving pressure wave. In just a fraction of a 
second, the material that fell onto the core begins to move back out 
toward the star’s surface, propelled in part by the flood of neutrinos 
trying to escape from the star’s core. 

In this process, the material surrounding the core behaves 
somewhat like water boiling furiously in a heated pot. Rising 
bubbles of superheated gases deliver extra energy to the pressure 
wave, sustaining it and making it accelerate as it plows outward 
through the doomed star’s outer layers. The wave soon reaches a 
speed greater than the speed of sound waves in the star’s outer 
layers. When this happens, the wave becomes a shock wave, like 
the sonic boom produced by a supersonic airplane (see Stage 4 in 
Figure 12-3). 

A few hours after the event actually happens, the shock wave 
eventually reaches the star’s surface, by which time the star’s outer 
layers have begun to lift away from the core. When the star’s outer 
layers thin out sufficiently, a portion of this energy escapes in a 
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1. As a massive star nears its end, it takes on 
an onion-layer structure. At this point in its 
evolution the star is hundreds of millions of 
kilometers in radius; only its inner regions 
. are shown here. 



* Hydrogen 

'Helium 

iarbon 



2. Iron does not undergo 
nuclear fusion, so the core 
becomes unable to generate 
heat. The gas pressure 
drops, and overlying 
material suddenly rushes in. 


3. Within a second, the 
core collapses to 
nuclear density. 
Inward-falling 
material rebounds 
off the core, setting 
up an 

outward-going 
pressure wave. 



Neutron- 
rich core 


" Shock wave 


- Neutrino- 


—heated 

gas bubble 


5. The shock wave sweeps through 
the entire star, blowing it apart. 


^Downdraft of 
cool gas 


4. Neutrinos pouring out of the 
developing neutron star propel the 
shock wave outward, unevenly. 


Figure 12-3 

A Core-Collapse Supernova This series of 
illustrations depicts our understanding of 
the last day in the life of a star of more than 
about 8 M q . (Illustration by Don Dixon, 
adapted from Wolfgang Hillebrandt, 
Hans-Thomas Janka, and Ewald Muller, 
“How to Blow Up a Star,” Scientific 
American, October 2006) 


torrent of light (see Stage 5 in Figure 12-3). The star has become 
a core-collapse supernova (plural supernovae). 

CAUTION The energy released in a core-collapse supernova is an 
incomprehensibly large 10 46 joules—100 times more energy than 
the Sun has emitted due to thermonuclear reactions over its entire 
4.56-billion-year history. However, it’s important to recognize that 
the source of the supernova’s energy release is not thermonuclear 
reactions. Rather, it is the gravitational energy released by the col¬ 
lapse of the core and by the inward fall of the star’s outer layers. 
(You release gravitational energy when you fall off a diving board, 
and this released energy goes into making a big splash in the swim¬ 
ming pool.) The energy released by the collapse of the core reap¬ 
pears in the form of neutrinos; the fall of the outer layers provides 
the energy to power the nuclear reactions that generate the super¬ 
nova’s electromagnetic radiation. The amount of energy release 
from the supernova is so great because the star is so massive: 
Hence, the amount of material that falls inward is immense, it falls 
a great distance, and it is acted on by a strong gravitational pull as 
it falls. 


f ConceptCheck 12-3 ) Is the supernova resulting from the death 
of a supermassive star an outwardly directed explosion or an inwardly 
directed implosion? 

Answer appears at the end of the chapter. 

Supernova 1987A: A Close-up Look 
at the Death of a Massive Star 

Supernovae can have a maximum luminosity as great as 10 9 L Q , 
rivaling the light output of an entire galaxy for a brief period. This 
makes it possible to even see supernovae in galaxies far beyond our 
own Milky Way Galaxy, and indeed hundreds of these distant su¬ 
pernovae are observed each year (Figure 12-4). 

On February 23, 1987, a supernova was discovered in the 
nearby Large Magellanic Cloud (LMC), a companion galaxy to 
our Milky Way some 51,500 pc (168,000 ly) from Earth. The 
supernova, designated SN 1987A because it was the first discov¬ 
ered that year, occurred near a region in the LMC called the Ta¬ 
rantula Nebula (Figure 12-5). The supernova was so bright that 
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(a) Spiral galaxy M81 

Figure 12-4 RIVUXG 

A Supernova in a Distant Galaxy On the night of March 28,1993, Francisco Garcia 
Diaz, a Spanish amateur astronomer, discovered supernova SN 1993J in the galaxy M81 
in Ursa Major, (a) M81 lies some 3.6 million pc (12 million ly) from Earth. Its angular size 
is about half that of the full moon, (b) The progenitor star that later exploded into 


(c) After the explosion 

SN 1993J was a KO red supergiant.(c) This image shows the same part of the sky as (b). 
Like SN 1987A, SN 1993J resulted from the core collapse and subsequent explosion of 
a massive star, (a: Palomar Observatory; b, c: D. Jones and E. Telles, Isaac Newton 
Telescope) 


(b) Before the explosion 


observers in the southern hemisphere could see it without a tele¬ 
scope. Perhaps surprisingly, the light from a supernova such as 
SN 1987A does not all come in a single brief flash; the outer layers 
continue to glow as they expand into space. For the first 20 days 
after the detonation of SN 1987A, its glow was powered primarily 
by the tremendous heat that the shock wave deposited in the star’s 
outer layers. As the expanding gases cooled, the light energy began 
to be provided by a different source—the decay of radioactive 



Figure 12-5 RIVUXG 

Supernova 1987A This photograph, taken soon after the discovery of SN 1987A, shows a 
portion of the Large Magellanic Cloud that includes the supernova called the Tarantula 
Nebula. Although it was 51,000 pc from Earth, SN 1987A was bright enough to be seen 
without a telescope. (European Southern Observatory) 


isotopes of cobalt, nickel, and titanium produced in the supernova 
explosion. 

Astronomers have been able to pinpoint the specific isotopes 
involved because different radioactive nuclei emit gamma rays of 
different wavelengths when they decay. Thanks to the energy re¬ 
leased during these radioactive decays, the brightness of SN 1987A 
actually increased for the first 85 days after the detonation, then 
settled into a slow decline as the radioactive isotopes were used up. 
The supernova remained visible to the naked eye for several months 
after the detonation. 

Three and a half years after we observed SN 1987A explode, 
astronomers used the newly launched Hubble Space Telescope to 
obtain a picture of the supernova. To their surprise, the image 
showed a set of three glowing rings (Figure 12 -6a). These rings are 
relics of a hydrogen-rich outer atmosphere that was ejected by 
gentle stellar winds from the star when it was a red supergiant, 
about 20,000 years ago. This diffuse gas expanded in a hourglass 
shape (Figure 12 -6b), because it was blocked from expanding 
around the star’s equator either by a preexisting ring of gas or by 
the orbit of an as yet unseen companion star. The outer rings in 
Figure 12 -6a are parts of the hourglass that were ionized by the 
initial flash of ultraviolet radiation from the supernova. 
yHlg/). By the early years of the twenty-first century, the shock 
P wave from the supernova was beginning to be seen to 
^8^ collide with the “waist” of the hourglass shown in Figure 
12 -6b. This collision is making the hourglass glow more brightly in 
visible wavelengths—though not enough, unfortunately, to make 
the supernova again visible to the naked eye—and emit copious 
radiation at X-ray and ultraviolet wavelengths. 

( ConceptCheck 12-4 ) How might the appearance of SN 1987A be 
different if the star had not been encircled by a ring of dust about its 
equator? 

Answer appears at the end of the chapter. 
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(a) Supernova 1987A seen in 1996 RIVUXG 


Figure 12-6 

SN1987A and Its “Three-Ring Circus” (a) This true-color view from the 
Hubble Space Telescope shows three bright rings around SN 1987A. (b) This drawing shows 
the probable origin of the rings. A wind from the progenitor star formed an hourglass-shaped 
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decay. 


(b) An explanation of the rings 


shell surrounding the star. (Compare with Figure 11-29.) Ultraviolet light from the supernova 
explosion ionized ring-shaped regions in the shell, causing them to glow. (Robert Kirshner 
and Peter Challis, Harvard-Smithsonian Center for Astrophysics; STScI) 


GEE) Core-collapse supernovae can leave 
behind remnants, neutron stars, and pulsars 

There is considerable debris left over from the explosion of a core¬ 
collapse supernova. Star parts are scattered in every direction, 
as remnants, and the left over crushed stellar core forms tiny objects, 
including neutron stars and pulsars, each with bizarre properties of 
their own. Let’s consider each of these in turn; then in the next sec¬ 
tion we’ll turn to the most dramatic remnant of all, black holes. 

Supernova Remnants 

Astronomers find the remains from exploded massive stars’ outer 
atmospheres, called supernova remnants, scattered across the sky. 
A beautiful example of a supernova remnant is the Veil Nebula, 
shown in Figure 12-7. The doomed star’s outer layers were blasted 
into space with such violence that they are still traveling through 
the interstellar medium at supersonic speeds 15,000 years later. As 
this expanding shell of gas plows through space, it collides with 
atoms in the interstellar medium, exciting the gas and making it 
glow. We saw in Section 11-1 that the passage of a supernova rem¬ 
nant through the interstellar medium can trigger the formation of 
new stars, so the death of a single massive star can cause a host of 
new stars to be born. 

A few nearby supernova remnants cover sizable areas of the 
sky. The largest is the Gum Nebula, named after the astronomer 
Colin Gum, who first noticed its faint glowing wisps on photographs 



Figure 12-7 RIVUXG 

The Veil Nebula—A Supernova Remnant This nebulosity is a portion of the Cygnus 
Loop, which is the roughly spherical remnant of a supernova that exploded about 15,000 
years ago. The distance to the nebula is about 800 pc (2600 ly), and the overall diameter of 
the loop is about 35 pc (120 ly). (Palomar Observatory) 
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Figure 12-8 RIVUXG 

The Gum Nebula—A Supernova Remnant This nebula has the largest angular size (40°) 
of any known supernova remnant. Only the central regions of the Gum Nebula are shown 
here. The supernova explosion occurred about 11,000 years ago, and the remnant now has a 
diameter of about 700 pc (2300 ly). (Royal Observatory, Edinburgh) 


of the southern sky (Figure 12-8). Its 40° angular diameter is cen¬ 
tered on the constellation Vela (the Ship’s Sail). 

The Gum Nebula looks big simply because it is quite close to 
us. Its center is only about 460 pc (1300 ly) from Earth, and its near 
side is just 100 pc (330 ly) away. Studies of the nebula’s expansion 
rate suggest that this supernova exploded around 9000 b.c. At 
maximum brilliance, the exploding star probably was as bright as 
the Moon at first quarter. Like the first quarter moon, it would have 
been visible in the daytime! 

Many supernova remnants are virtually invisible at the visible 
wavelengths our human eyes can see. However, when the expanding 
gases collide with the interstellar medium, they emit energy at a 
wide range of wavelengths, from X-rays through radio waves. For 
example, Figure 12-9 shows a radio image of the supernova rem¬ 
nant Cassiopeia A. As a rule, radio searches for supernova remnants 
are more fruitful than visible-light searches. Only two dozen super¬ 
nova remnants have been found in visible-light images, but more 
than 100 remnants have been discovered by radio astronomers. 

In general, there are only a few supernova remnants in our local 
neighborhood. At first glance, this apparent lack of nearby super¬ 
novae may seem puzzling. From the frequency with which super¬ 
novae occur in distant galaxies, it is reasonable to suppose that a 
galaxy such as our own should have as many as five supernovae per 
century. Where have they been? 

As we will learn when we study galaxies in Chapter 13, the 
plane of our galaxy is where massive stars are born and supernovae 
explode. This region is so rich in interstellar dust, however, that we 
simply cannot see very far into space in the directions occupied by 
the Milky Way. In other words, supernovae probably do in fact erupt 
every few decades in remote parts of our galaxy, but their detona¬ 
tions are hidden from our view by intervening interstellar matter. 




Figure 12-9 RIVUXG 

Cassiopeia A—A Supernova Remnant This false-color radio image of 
Cassiopeia A was produced by the Very Large Array. The impact of supernova material on 
the interstellar medium causes ionization, and the liberated electrons generate radio waves 
as they move. Cassiopeia A is roughly 3300 pc (11,000 ly) from Earth. (Image courtesy of 
NRAO/AUI) 


( Concept Check 12-5 ) In which wavelength will an expanding 
supernova remnant most easily be able to be seen if it is in a region of 
the galaxy with virtually no interstellar gas or dust around it? 

Answer appears at the end of the chapter. 

Relics of the Fall: Neutron Stars 

In some cases, a supernova remnant may be all that is left after 
some supernovae explode. In other cases of core-collapse super¬ 
novae, some portion of the original stellar core may remain. 
Depending on the mass of the core and the conditions within it 
during the collapse, it might leave behind a neutron star, an in¬ 
credibly dense but incredibly small sphere composed primarily of 
neutrons. 

CAUTION Although neutron stars and other relics of a previous 
stellar core can be part of the debris from a supernova explosion, 
they are not called “supernova remnants.” That term is applied 
exclusively to the gas and dust that spreads away from the site of 
the supernova explosion. 

On the morning of July 4, 1054, Yang Wei-T’e, the imperial 
astronomer to the Chinese court, made a startling discovery. Just a 
few minutes before sunrise, a new and dazzling object ascended 
above the eastern horizon. This “guest star,” as Yang called it, was 
far brighter than Venus and more resplendent than any star he had 
ever seen. 

Yang’s records show that the “guest star” was so brilliant that 
it could easily be seen during broad daylight for the rest of July. 
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Figure 12-10 RIVUXG 

A Supernova Pictograph? This drawing in an eleventh-century structure in New Mexico 
shows a 10-pointed star next to a crescent. It may depict the scene on the morning of July 
5,1054, when a “guest star” appeared next to the waning crescent moon. (Courtesy of 
National Parks Service) 


Neutrinos are introduced in 
Section 9-2. 


Records from Constantinople (now Istanbul, Turkey) also describe 
this object, and works of art made by the Anasazi culture in the 
American Southwest suggest that they may have seen it as well 
(Figure 12-10). Over the next 21 months, however, the “guest star” 
faded to invisibility. 

We now know that the “guest star” of 1054 was actually a 
remarkable stellar transformation: A massive star some 6500 light- 
years away perished in a supernova explosion, leaving behind both 
a supernova remnant and a neutron star. Neutrons are a fundamen¬ 
tal component of an atom with no positive or negative charge. 

Perhaps surprisingly, a positively charged 
proton and a negatively charged electron 
can combine to form a neutron (as well as 
a neutrino) in conditions of extraordi¬ 
narily high temperature and pressure. This is exactly the environ¬ 
ment that occurs during a core-collapse supernova. 

In much the same way that white-dwarf stars are supported by 
degenerate electron pressure due to electrons being packed as 
closely together as possible, a highly compact ball of neutrons 
would similarly produce a degenerate neutron pressure. As such, a 
neutron star must be a rather weird object. If brought to the Earth’s 
surface, a single thimbleful of neutron-star matter would weigh 100 
million tons! A star compacted to such densities must be very small. 
A 1.4-M 0 neutron star would have a diameter of only 20 km (12 
mi), about the size of a moderate-sized city on Earth. Its surface 
gravity would be so strong that an object would have to travel at 
one-half the speed of light to escape into space. These conditions 
seemed outrageous until the late 1960s, when astronomers discov¬ 
ered pulsating radio sources. 


f ConceptCheck 12-6 ) Why are neutron stars smaller than white 
dwarfs? 

Answer appears at the end of the chapter. 

Pulsars 

A discovery in the 1960s stimulated interest in neutron stars. As a 
young graduate student at Cambridge University, Jocelyn Bell spent 
many months helping construct an array of radio antennas covering 
4 Vi acres of the English countryside. The instrument was completed 
by the summer of 1967, and Bell and her colleagues in Anthony 
Hewish’s research group began using it to scrutinize radio emissions 
from the sky. They were looking for radio sources that “twinkle” 
like stars; that is, they looked for random small fluctuations in 
brightness caused by the motion of gas between the source and the 
observer. What they discovered was something far more exotic. 

While searching for random flickering, Bell noticed that the 
antennas had detected regular pulses of radio noise from one par¬ 
ticular location in the sky. These radio pulses were arriving at regu¬ 
lar intervals of 1.3373011 seconds—much more rapid than those 
of any other astronomical object known at that time. Indeed, they 
were so rapid and regular that the Cambridge team at first sus¬ 
pected that they might not be of natural origin. Instead, it was 
proposed that these pulses might be signals from an advanced alien 
civilization. 

That possibility had to be discarded within a few months after 
several more of these pulsating radio sources, which came to be 
called pulsars, were discovered across the sky. In all cases, the peri¬ 
ods were extremely regular, ranging from about 0.25 second for the 
fastest to about 1.5 seconds for the slowest (Figure 12-11). 

At the time of its discovery, the Crab pulsar was the fastest 
pulsar known to astronomers. Its period is 0.0333 second, which 
means that it flashes 1/0.0333 = 30 times each second. An object 
that changes so quickly must be quite small. But what could these 
objects be? The only object that could be small enough to spin at 
such a high rate and not fling apart was a highly compact, high- 
density, tiny neutron star. Indeed, pulsars are rapidly rotating neu¬ 
tron stars with intense magnetic fields. 


Pulsar PSR 0329+54 

Interval between pulses: 0.714 second 



Time (s)->- 


Figure 12-11 

A Recording of a Pulsar This chart recording shows the intensity of radio emission 
from one of the first pulsars to be discovered. (The designation means “pulsar at a right 
ascension of 03 h 29 m and a declination of +54°.”) Note that the interval between pulses is 
very regular, even though some pulses are weak and others are strong. (Adapted from R. 
N. Manchester and J. H. Taylor) 
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Because neutron stars are very small, they should also rotate 
rapidly (for more information on the conservation of angular mo¬ 
mentum, see Looking Deeper 12.1). A typical star, such as our Sun, 
takes nearly a full month to rotate once about its axis. But just as 
an ice skater doing a pirouette speeds up when she pulls in her arms 
(see Figure 4-11), a collapsing star also speeds up as its size shrinks 
following the principle of conservation of angular momentum. In¬ 
deed, if our Sun were suddenly compressed to the size of a neutron 
star, it would spin about 1000 times per second! Because neutron 
stars are so small and dense, they can spin this rapidly without 
flying apart. 

The small size of neutron stars also implies that they have in¬ 
tense magnetic fields. It seems safe to say that every star possesses 
some magnetic field, but typically the strength of this field is quite 
low. The magnetic field of a main-sequence star is spread out over 
billions of square kilometers of the star’s surface. However, if such 
a star collapses down to a neutron star, its surface area (which is 
proportional to the square of its radius) shrinks by a factor of about 
10 10 . The magnetic field, which is bonded to the star’s ionized gases, 
becomes concentrated onto an area 10 10 times smaller than before 
the collapse, and thus the field strength increases by a factor of 10 10 . 
In terms of spectroscopic observations, a star’s magnetic field splits 
one of its spectral lines into two or more lines whose spacing reveals 
the field’s strength. As it turns out, the magnetic fields surrounding 
typical neutron stars are tens of million times stronger than Earth’s 
magnetic field. 


The magnetic field of a neutron star makes it possible for the 
star to radiate pulses of energy toward our telescopes. As it spins, 
charged particles are released from the star, not in just any direction, 
but along preferred directions constrained by the neutron star’s 
magnetic fields. For observers here on Earth, we see a neutron star 
as flashing on and off as the brightest portions rotate toward and 
away from us. 

ANALOGY A rotating, magnetized neutron star is somewhat like a 
lighthouse beacon. As the star rotates, the beams of radiation sweep 
around the sky. If at some point during the rotation one of those 
beams happens to point toward the Earth, as shown in Figure 
12-12#, we will detect a brief flash as the beam sweeps over us. At 
other points during the rotation the beam will be pointed away 
from Earth and the radiation from the neutron star will appear to 
have turned off (Figure 12-12 b). Hence, a radio telescope will detect 
regular pulses of radiation, with one pulse being received for each 
rotation of the neutron star. 

CAUTION The name pulsar may lead you to think that the source of 
radio waves is actually pulsing. But in the model just described, this 
is not the case at all. Instead, beams of radiation are emitted continu¬ 
ously from the magnetic poles of the neutron star. The pulsing that 
astronomers detect here on the Earth is simply a result of the rapid 
rotation of the neutron star, which brings one of the beams periodi¬ 
cally into our line of sight, as Figure 12-12 shows. In this sense, the 
analogy between a pulsar and a lighthouse beacon is a very close one. 



(a) One of the beams from the rotating neutron star is 
aimed toward Earth: we detect a pulse of radiation. 

Figure 12-12 

A Rotating, Magnetized Neutron Star Charged particles are accelerated near a 
magnetized neutron star’s magnetic poles (labeled N and S), producing two oppositely 
directed beams of radiation. If the star’s magnetic axis (a line that connects the north and 



(b) Half a rotation later, neither beam is aimed toward 
Earth: we detect that the radiation is “off.” 


south magnetic poles) is tilted at an angle from the axis of rotation, as shown here, the 
beams sweep around the sky as the star rotates. If the Earth happens to lie in the path of 
one of the beams, we detect radiation that appears to pulse (a) on and (b) off. 
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(ConceptCheck 12-7 ) What is the difference between a pulsar 
and a neutron star? 

Answer appears at the end of the chapter. 

Pulsars Gradually Slow Down as 
They Radiate Energy into Space 

One wonders if it is possible to determine the age of a pulsar. In 
other words, how long has it been since its original star went su¬ 
pernova? Because a spinning neutron star slows down as it radiates 
away its rotational energy, it follows that an old neutron star 
should be spinning more slowly than a young one. This leads us to 
a general rule: 

An isolated pulsar slows down as it ages, so its pulse period 
increases. 

From a pulsar’s period (which increases as it ages) and the rate 
at which its period is increasing (which decreases as it ages), as¬ 
tronomers can estimate how old a pulsar is. This notion tends to 
work, as long as the pulsar is relatively unaffected by nearby objects. 
Indeed, in some unusual scenarios, like when pulsars are members 
of binary star systems, pulsars can be reaccelerated to truly dizzying 
rotation speeds. 

( ConceptCheck 12-8 ) If two pulsars have differing periods of 
pulsation, which of the two is oldest? 

Answer appears at the end of the chapter. 


(jfcBc* Black holes are created in the death 

throes of the most massive of stars 


, If neutron stars result from the crushing collapse of stars 
\W\ 10 with masses of about 4 to 8 times larger than the mass of 
our Sun, what about even larger stars? To make predic¬ 
tions about tremendous amounts of mass being compressed into the 
tiniest of volumes, we have to look to the scientific theories of the 
famous physicist Albert Einstein. 

The Nature of Space Around Black Holes 

We have seen that if a dying star is not too massive, it ends up as a 
white-dwarf star. If the dying star is more massive than the Chan¬ 
drasekhar limit of about 1.4 M Q , it cannot exist as a stable white- 
dwarf star and, instead, shrinks down to form a neutron star. But if 
the dying star has more mass than the maximum permissible for a 
neutron star, about 2 to 3 M Q , not even the internal pressure of neu¬ 
trons can hold the star up against its own gravity, and the star con¬ 
tracts rapidly. 

As the core of a collapsing massive star is crushed by infalling 
matter, the old core becomes compressed to enormous densities. 
What is odd here is that in this case, the strength of gravity at the 
old core’s surface of this rapidly shrinking sphere also increases 
dramatically. According to Einstein’s general theory of relativity, the 
nature of outer space itself is altered. In locations of extremely high 
gravity, Einstein imagined that the actual fabric of space immedi¬ 
ately surrounding the star becomes so highly curved that it closes 
on itself (Figure 12-13). If this were to happen, even massless 




3. Continued collapse intensifies 
the surface gravity, and so photons 
follow paths more sharply curved. 



Figure 12-13 

The Formation of a Black Hole (a), (b), (c) These illustrations show the steps leading up 
to the formation of a black hole from a dying star, (d) When the star becomes a black hole, 


4. When the star shrinks past a critical 
size, it becomes a black hole: Photons 
follow paths that curve back into the 
black hole so no light escapes. 



not even photons emitted directly upward from the surface can escape; they undergo an 
infinite gravitational redshift and disappear. 
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photons of light flying outward at an angle from the star’s surface 
arc back inward. Perhaps even stranger, photons that fly straight 
outward undergo such a strong shift in their observed wavelength 
due to gravity that they lose all their energy and actually cease to 
exist. 

In this condition, strange things indeed start to become nor¬ 
mal. Light, nor anything else, is able to escape the gravitational 
attraction of the crushed core. An object from which neither matter 
nor light (electromagnetic radiation) can escape is called a black 
hole. In a sense, a hole is punched in the fabric of the universe, and 
the dying star seems to disappears into this cavity (Figure 12-14). 
None of the star’s mass is lost when it collapses to form a black 
hole, and a black hole’s gravitational influence can still be felt by 
other objects. 

CAUTION Some low-quality science-fiction movies and books sug¬ 
gest that black holes are evil things that go around gobbling up 
everything in the universe. Not so! The bizarre effects created 
by a highly warped location in the universe are limited to a region 
quite near the hole. For example, the effects of Einstein’s gen¬ 
eral theory of relativity predominate only within 1000 km of a 
10-M o black hole. Beyond 1000 km, gravity is weak enough that 
our everyday experiences with physics can adequately describe 
everything. 

Perhaps the most remarkable aspect of black holes is that 
they really exist! As we will see, astronomers have located a 
number of black holes with masses a few times that of the Sun. 
What is truly amazing is that they have also discovered many 
truly immense black holes containing millions or billions of solar 
masses. 



Figure 12-14 

Curved Spacetime around a Black Hole This diagram suggests how spacetime is 
distorted by a black hole’s mass. 


(ConceptCheck 12-9 ) If our Sun were to suddenly compress 
into a black hole of the same mass, what would happen to the planets’ 
orbits? 

Answer appears at the end of the chapter. 

Characteristics of a Nonrotating Black Hole 

Understanding in detail how black holes form is a challenging task. 
But once a black hole forms, it has a remarkably simple structure. 

Surrounding a black hole, where the escape speed from the hole 
just equals the speed of light, is the event horizon. You can think of 
this sphere as the “surface” of the black hole, although the black 
hole’s mass all lies well inside this “surface.” Once a massive dying 
star collapses to within its event horizon, it disappears permanently 
from the universe. The term “event horizon” is quite appropriate, 
because this surface is like a horizon beyond which we cannot see 
any events. 

If the dying star is not rotating before it collapses, the black 
hole will likewise not be rotating. The distance from the center of 
a nonrotating black hole to its event horizon is called the Schwarz- 
schild radius (denoted R Sch ), after the German physicist Karl 
Schwarzschild, who first determined its properties. Most important, 
the Schwarzschild radius depends only on the black hole’s mass. In 
other words, the more massive the black hole, the larger its event 
horizon. 

Once a nonrotating star has contracted inside its event horizon, 
nothing can prevent its complete collapse. The star’s entire mass is 
crushed to zero volume—and hence, infinite density—at a single 
point, known as the singularity, at the center of the black hole. We 
now can see that the structure of a nonrotating black hole is quite 
simple. As drawn in Figure 12-15, it has only two parts: a singularity 
at the center surrounded by a spherical event horizon. 

To understand why the complete collapse of such a doomed 
star is inevitable, think about your own life on the Earth, far from 
any black holes. You have the freedom to move as you wish through 
the three dimensions of space: up and down, left and right, or for¬ 
ward and back. But you do not have the freedom to move at will 
through the dimension of time. Whether we like it or not, we are 
all carried inexorably from the cradle to the grave. 

Inside a black hole, gravity distorts the structure of the universe 
so severely that the directions of space and time become inter¬ 
changed. In a sense, inside a black hole you acquire a limited ability 
to affect the passage of time. This seeming gain does you no good, 
however, because you lose a corresponding amount of freedom to 
move through space. Whether you like it or not, you will be dragged 
inexorably from the event horizon toward the singularity. Just as 
no force in the universe can prevent the forward march of time from 
past to future outside a black hole, no force in the universe can 
prevent the inward march of space from event horizon to singularity 
inside a black hole. Once an object dropped into a black hole crosses 
the event horizon, it is gone forever, like an object dropped into a 
bottomless pit. 

The same is true for a light beam aimed at the black hole. Be¬ 
cause all this light will be absorbed and none reflected back, a black 
hole is totally and utterly black. (By contrast, even the blackest 
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Figure 12-15 

The Structure of a Nonrotating (Schwarzschild) Black Hole A nonrotating black hole has 
only two parts: a singularity, where all of the mass is located, and a surrounding event horizon. 
The distance from the singularity to the event horizon is called the Schwarzschild radius (R ). 
The event horizon is a one-way surface: Things can fall in, but nothing can get out. 

object on Earth reflects some light when you shine a flashlight on 
it. A black hole would reflect none.) 

At a black hole’s singularity, the strength of gravity is infinite, 
so the curvature of spacetime there is infinite. Space and time at the 
singularity are thus all jumbled up. They do not exist as separate, 
distinct entities. 

Although black holes are really very simple objects, there are 
some common misconceptions about their nature. The Cosmic Con¬ 
nections: Black Holes “Urban Legends” figure exposes two of these 
misconceptions. 

( ConceptCheck 12-10 How many times larger is the singularity’s 
diameter for a 10 solar-mass black hole compared to a 20 solar-mass, 
nonrotating black hole? 

Answer appears at the end of the chapter. 

CEO Black holes cannot be seen directly 

^z What might a black hole look like through a telescope? 
m | ^| ^ Finding black holes is a difficult business indeed. Because 
light cannot escape from inside the black hole, you can¬ 
not observe one directly, in the same way that you can observe a 
star or a planet. The best you can hope for is to detect the effects 
of a black hole’s powerful gravity. 

Finding Black Holes 

Close binary star systems where two stars orbit around one an¬ 
other offer one way to find black holes that have mass comparable 
to those of ordinary stars. Imagine that one of the stars in a bi¬ 


nary system evolves into a black hole—the more massive of the 
two stars evolving faster. If the black hole orbits close enough to 
the other, ordinary star in the system, gravitational attraction 
can draw matter from the ordinary star into the black hole. If 
we can detect radiation coming from this “stolen” matter as it 
moves toward the black hole, we can infer the presence of the 
black hole. 

The first sign of such emissions from a binary system with a 
black hole came shortly after the launch of the Uhuru X-ray¬ 
detecting satellite in 1971. Astronomers became intrigued with an 
X-ray source designated Cygnus X-l. The X-rays emitted from 
Cygnus X-l are highly variable and irregular; they flicker on time 
scales as short as one-hundredth of a second. One of the funda¬ 
mental concepts in physics is that nothing can travel faster than 
the speed of light. Because of this limitation, an object cannot 
flicker faster than the time required for light to travel across the 
object. Because light travels 3000 km in a hundredth of a second, 
Cygnus X-l can be no more than 3000 km across, or about one- 
quarter the size of the Earth. Yet other observations show that 
Cygnus X-l must have a mass of at least 7 solar-masses, ruling 
out either a white dwarf or a neutron star. Only material mov¬ 
ing quickly toward a black hole could cause such highly variable 
X-ray emissions. 

It is important to emphasize that the X-rays do not come from 
the black hole itself. Rather, gas captured from a nearby star goes 
into orbit about the hole, forming an accretion disk about 4 million 
kilometers in diameter (Figure 12-16). As material in the disk gradu¬ 
ally spirals in toward the hole, friction heats the gas to temperatures 
approaching 2 X 10 6 K. In the final 200 kilometers above the hole, 
these extremely hot gases emit the X-rays that our satellites detect. 
Presumably the X-ray flickering is caused by small hot spots on the 
rapidly rotating inner edge of the accretion disk. In this way, the 
black hole’s existence is announced by doomed gases just before 
they plunge to oblivion. 

(ConceptCheck 12-11 ) If a gravitationally bound binary system 
now contains one black hole and one red giant, which of the two 
original stars was the more massive? 

Answer appears at the end of the chapter. 

Supermassive Black Holes 

Stellar evolution makes it possible to form black holes with masses 
several times that of the Sun. But calculations suggest other ways 
to form black holes that are either extremely large or extraordi¬ 
narily small. 

Galaxies of stars formed in the early universe by the coales¬ 
cence of gas clouds. During this formation process, some of a 
galaxy’s gas could have plunged straight toward the center of 
the galaxy, where it collected and compressed together under its 
own gravity. If this central clump became sufficiently dense, it 
could have formed a black hole. However, this black hole would 
be very different from ones created through the core collapse of a 
dying massive star. Instead, galaxies have masses of 10 11 M Q , so 
even a tiny percentage of the galaxy’s gas collected at its center 
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1. Gases from the supergiant are captured 
into an accretion disk around the black hole 


Black hole 


HDE 226868 


(blue supergiant) 


2. As gases spiral toward the black hole, 
they are heated by friction: Just outside 
the black hole, they are hot enough 
to emit X-rays. 


(a) A schematic diagram of Cygnus X-l 


(b) An artist’s impression of Cygnus X-l 


Figure 12-16 

The Cygnus X-l System (a) The larger member of the Cygnus X-l system is a BO supergiant 
of about 30 M 0 . The other, unseen member of the system has a mass of at least 7 M Q and 
is probably a black hole, (b) This illustration shows how the Cygnus X-l system might look 


at close range. (The illustration that opens this chapter depicts a similar system.) At even 
closer range, the black hole and its immediate surroundings might appear as shown in 
Figure 12-18. (Courtesy ofD. Norton, Science Graphics) 


would give rise to a supermassive black hole with a truly stupen¬ 
dous mass. 

Since the 1970s, astronomers have found evidence suggesting 
the existence of supermassive black holes in other galaxies. With 
the advent of a new generation of optical telescopes in the 1990s, 


it became possible to see the environments of these suspected black 
holes with unprecedented detail (Figure 12-17). Figure 12-17^ 
shows radio emissions from two jets that extend some 15,000 pc 
(50,000 ly) from the center of the galaxy known as NGC 4261. 
These resemble an immensely magnified version of the jets seen 


1/1 


Galaxy 
NGC 4261 
(visible-light 
image) 



A disk of gas and dust orbits 
the very center of NGC 4261 
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(a) Galaxy NGC 4261 


ZFigure 12-17 

^8^ A Supermassive Black Hole The galaxy NGC 4261 lies some 30 million pc 
(100 million ly) from Earth in the constellation Virgo, (a) This composite view superimposes 
a visible-light image of the galaxy (white) with a radio image of the galaxy’s immense 
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(b) Evidence for a supermassive black hole in NGC 4261 


jets (orange), (b) This false-color Hubble Space Telescope image shows a disk of gas and 
dust about 250 pc (800 ly) across at the center of NGC 4261. Observations indicate that a 
supermassive black hole is at the center of the disk. (NASA, ESA) 







COSMIC CONNECTIONS) Black Hole "Urban Legends 


Black holes are such intriguing objects that a folklore has developed about 
them. As often is the case with folklore, myth and reality can become 
confused. These illustrations depict two misconceptions or “urban legends” 
about black holes. 

Urban Legend #1: 

When a star becomes a black hole, its gravitational pull becomes stronger. 

Reality: At great distances from a black hole, the gravitational force that it exerts is exactly the same as that exerted by an 
ordinary star of the same mass. The truly stupendous gravitational effects of a black hole appear only if you venture close to 
the black hole’s event horizon. 


— Consider gravitational forces on a 60-kg person (not shown to scale). The 
gravitational force of the Earth on this person when standing on our planet’s 
surface — that is, this person’s weight on Earth — is 590 newtons (132 pounds). 

n 



10,000,000 km from the center of the Sun: 
force of the Sun on the person is 
80 newtons 


Same distance, same force 


7 




10,000,000 km from the center of 1-solar-mass black hole: 
force of the black hole on the person is 
80 newtons 

1000 km from the center of a 1-solar-mass black hole:- 

force of the black hole on the person is 
8,000,000,000 (8 x 10 9 ) newtons! 






Black hole with the same 
mass as the Sun 
Schwarzschild radius = 3 km 


Urban Legend #2: 

The larger a black hole, the more powerful the gravity near its Schwarzschild radius. 


Reality: If you increase the mass of a black hole, its Schwarzschild radius increases by the same factor. Newton’s law of 
universal gravitation, F = Gm 1 m 2 Ir2, tells us that the force that an object of mass m 1 exerts on a second object of mass m 2 is 
directly proportional to mass m 1 but inversely proportional to the square of the distance r between the two objects. Hence 
the force that a black hole exerts on an object a given distance outside its Schwarzschild actually decreases as the black 
hole’s mass and Schwarzschild radius increase. 


Black hole with the same 
mass as the Sun 
Schwarzschild radius = 3 km 



1000 km outside the Schwarzschild radius 
of a 1-solar-mass black hole: 
force of the black hole on the person is 
8,000,000,000 (8 x 10 9 ) newtons 


Black hole with 1,000,000,000 
(10 9 ) solar masses: 
Schwarzschild radius 



1000 km outside the Schwarzschild radius 
of a 10 9 -solar-mass black hole: 
force of the black hole on the person is 
only 900,000 (9 x 10 5 ) newtons 
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emerging from some stellar-mass black holes. The highly magnified 
Hubble Space Telescope image in Figure 12-1 7b shows a disk some 
250 pc (800 ly) in diameter at the very center of this galaxy. The 
jets are perpendicular to the plane of the disk, just as in Figure 
12-18. 

By measuring the Doppler shifts of light coming from the two 
sides of the disk, astronomers found that the disk material was 
orbiting around the bright object at the center of the disk at speeds 
of hundreds of kilometers per second. (By comparison, the Earth 
orbits the Sun at 30 km/s.) Given the size of the material’s orbit, 
and using Newton’s form of Kepler’s third law, they were able to 
calculate the mass of the central bright object. The answer is an 
amazing 1.2 billion (1.2 X 10 9 ) solar masses! What is more, the 
observations show that this object can be no larger than our solar 
system. The only possible explanation is that the object at the center 
of NGC 4261 is a black hole of super mass. 

Dozens of other black holes in the centers of galaxies have been 
identified by their gravitational effect on surrounding gas and dust. 
Surveys of galaxies have shown that supermassive black holes are 
not at all unusual; most large galaxies appear to have them at their 
centers. As we will see in the next chapter, a black hole with several 



Figure 12-18 

The Environment of an Accreting Black Hole If a black hole is rotating, it can generate 
strong electric and magnetic fields in its immediate vicinity. These fields draw material 
from the accretion disk around the black hole and accelerate it into oppositely directed 
jets along the black holes rotation axis. This illustration also shows other features of the 
material surrounding such a black hole. (CXC/M. Weiss) 


million solar-masses lies at the center of our own Milky Way Galaxy, 
some 8000 pc (26,000 ly) from Earth. 

(ConceptCheck 12-12 What is the best evidence for super- 
massive black holes at galactic centers? 

Answer appears at the end of the chapter. 


(USD White dwarfs and pulsars in close 

binary systems can become novae, bursters, 
and supernovae 

Black holes are indeed fantastic objects. Even stranger, other exotic 
phenomena can occur when a stellar corpse is part of a gravita¬ 
tionally bound binary star system. One example is a nova (plural 
novae), in which a faint star suddenly brightens by a factor of 
10 4 to 10 8 over a few days or hours, reaching a peak luminosity 
of about 10 5 L Q . By contrast, a supernova has a peak luminosity of 
about 10 9 L Q . 

A nova’s abrupt rise in brightness is followed by a gradual 
decline that may stretch out over several months or more (Fig¬ 
ure 12-19). Every year two or three novae are seen in our gal¬ 
axy, and several dozen more are thought to take place in remote 
regions of the galaxy that are obscured from our view by interstel¬ 
lar dust. 

Type la Supernovae: Detonating 
a White Dwarf 

We need to take a step back from novae for a moment and talk 
about supernovae. Supernovae that are caused by a core-collapse 
of a massive star of the sort we described earlier are best de¬ 
scribed as Type II supernovae. They are caused by the death of 
highly evolved massive stars that still have ample hydrogen in 
their atmospheres when they explode. When the star explodes, 
the hydrogen atoms are excited and glow prominently, produc¬ 
ing hydrogen emission lines. SN 1987A is an example of Type II 
supernovae. 

If there is a Type II supernovae, that must mean that there is 
an other category of exploding stars. The other type has no hydro¬ 
gen lines in the spectrum. This category is called Type I supernova. 
Type I supernovae are further divided into three important sub¬ 
classes, Type la, lb, and Ic. Although the others are interesting in¬ 
deed, we are going to focus exclusively on supernovae Type la, 
because it is the most relevant in developing our understanding of 
the size and structure of our universe. 

Type la supernovae are thought to result from the thermonu¬ 
clear explosion of a white-dwarf star. This may sound contradictory, 

because we saw in Chapter 11 that white- r r .. ,, r ... 

j r i 1 , See Section 11-5 on white- 

dwarf stars have no thermonuclear reac¬ 
tions going on in their interiors. But these ^ wa r ^ S ^ arS ‘ 
reactions can occur if a carbon-oxygen- 

rich white dwarf is in a close, semidetached binary system with a 
red-giant star. 
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(a) Nova Herculis 1934 shortly after peak brightness 
Figure 12-19 RIVUXG 

Nova Herculis 1934 These two pictures show a nova (a) shortly after peak brightness 
as a star of apparent magnitude +3, bright enough to be seen easily with the naked 
eye, and (b) two months later, when it had faded by a factor of 4000 in brightness, to 



(b) Two months later 


apparent magnitude +12. (See Figure 10-5 for a description of the apparent magnitude 
scale.) Novae are named after the constellation and year in which they appear. (Lick 
Observatory) 


Figure 12-20 shows the likely series of events 
z fif M + ^ that leads to a Type la supernova. Stage 1 in 

this f[g ure shows a close binary system in 
which both stars have less than 4 M Q . The more massive star on the 
left evolves more rapidly than its less massive companion and even¬ 
tually becomes a white dwarf. As the companion evolves and its 
outer layers expand, it dumps gas from its outer layers onto the 
white dwarf (see Stage 2 in Figure 12-20). When the total mass of 
the white dwarf approaches the Chandrasekhar limit, the increased 
pressure applied to the white dwarf’s interior causes carbon fusion 
to begin there (Stage 3 in Figure 12-20). Hence, the interior tem¬ 
perature of the white dwarf increases. 

If the white dwarf were made of ordinary matter, the tem¬ 
perature increase would cause a further increase in pressure, the 
white dwarf would expand and cool, and the carbon-fusing reac¬ 
tions would abate. But because the white dwarf is composed of 
degenerate matter, this “safety valve” between temperature and 
pressure does not operate. Instead, the increased temperature just 
makes the reactions proceed at an ever-increasing rate, in a cata¬ 
strophic runaway process reminiscent of the helium flash in low- 
mass stars (Stage 4 in Figure 12-20). The reaction spreads rapidly 
outward from the white dwarf’s center, with its leading edge (called 
the flame front) being propelled by convection and turbulence in a 
manner analogous to what happens to the shock wave in a core¬ 
collapse supernova. Within seconds the white dwarf blows apart, 
dispersing 100% of its mass into space (Stage 5 in Figure 12-20). 

Before exploding, the white dwarf contained primarily carbon 
and oxygen and almost no hydrogen or helium, which explains 


the absence of hydrogen and helium lines in the spectrum of the 
resulting supernova. Silicon is a by-product of the carbon-fusing 
reaction and gives rise to the silicon absorption line characteristic 
of Type la supernovae. 

CAUTION Different types of supernovae have fundamentally differ¬ 
ent energy sources. The Type II core-collapse supernovae are pow¬ 
ered by gravitational energy released as the star’s iron-rich core and 
outer layers fall inward. Type la supernovae, by contrast, are pow¬ 
ered by nuclear energy released in the explosive thermonuclear fu¬ 
sion of a white-dwarf star. While Type la supernovae typically emit 
more energy in the form of electromagnetic radiation than do super¬ 
novae of other types, they do not emit copious numbers of neutrinos 
because there is no core collapse. If we include the energy emitted 
in the form of neutrinos, the most luminous supernovae by far are 
those of Type II. 

fConceptCheck 12-13) If a white dwarf has no energy source, 
where does it get the raw material for fuel to become a Type la 
supernova? 

Answer appears at the end of the chapter. 

The Decay of a Supernova: Light Curves 

In addition to the differences in the amount of hydrogen in their 
spectra, different types of supernovae can be distinguished by dif¬ 
ferences in how their brightness suddenly increases then slowly 
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Figure 12-20 

A Type la Supernova This series of illustrations depicts our 
understanding of how a white dwarf in a close binary system 
can undergo a sudden nuclear detonation that destroys it 
completely. Such a cataclysmic event is called a Type la 
supernova or thermonuclear supernova. (Illustration by 
Don Dixon, adapted from Wolfgang Hillebrandt, Hans- 
Thomas Janka, and Ewald Muller, “How to Blow Up a 
Star,” Scientific American, October 2006) 


1. The more massive member of a pair 
of Sunlike stars exhausts its fuel 
and turns into a white-dwarf star. 


White dwt 



Companion star 


2. The white dwarf sucks in gas from 
its companion, eventually reaching 
a critical mass. 


3. A “flame ”-a Helii 

runaway nuclear 
reaction-ignites in Carbon, 
the turbulent core oxygen 
of the dwarf. 


I 


4. The flame spreads outward, 
converting carbon ( 12 C) and 
oxygen ( 16 0) to radioactive 
nickel ( 56 Ni). 


Flame 
front ^ 


5. Within a few seconds, the dwarf has 
been completely destroyed. Over the 
following weeks, the radioactive 
nickel decays, powering the bright 
glow of the debris. 


decreases (Figure 12-21). A graph of the brightness of a supernova 
versus time is known as a light curve. All supernovae begin with a 
sudden rise in brightness that occurs in less than a day. After reach¬ 
ing peak luminosity, Type la supernovae settle into a steady, gradual 
decline in luminosity. (An example is the supernova of 1006, which 
is thought to have been of Type la. This supernova, which at its 
peak was more than 200 times brighter than any other star in the 
sky, took three years to fade into invisibility.) By contrast, the Type 
II light curve has a steplike appearance caused by alternating peri¬ 
ods of steep and gradual declines in brightness. 

For all supernova types, the energy source during the period of 
declining brightness is the decay of radioactive isotopes produced 


Figure 12-21 

Supernova Light Curves A Type la supernova reaches maximum brightness in about a 
day, followed by a gradual decline in brightness. A Type II supernova reaches a maximum 
brightness less than that of a Type la supernova and usually has alternating intervals of 
steep and gradual declines. 
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during the supernova explosion. Because a different set of thermo¬ 
nuclear reactions occurs for each type of supernova, each type pro¬ 
duces a unique set of isotopes that decay at different rates. This helps 
explain the distinctive light curves for different supernova types. 

For the same reason, each type of supernova ejects a somewhat 
different mix of elements into the interstellar medium. As an exam¬ 
ple, Type la supernovae are primarily responsible for the elements 
near iron in the periodic table, because they generate these elements 
in more copious quantities than Type II supernovae. 

A number of astronomers are now measuring the distances to 
remote galaxies by looking for Type la supernovae in those galaxies. 
This is possible because there is a simple relationship between the 
rate at which a Type la supernova fades away and its peak luminos¬ 
ity: The slower it fades, the greater its luminosity. Hence, by observ¬ 
ing how rapidly a distant Type la supernova fades, astronomers can 
determine its peak luminosity. A measurement of the supernova’s 
peak apparent brightness then tells us (through the inverse-square 
law) the distance to the supernova and, therefore, the distance to 
the supernova’s host galaxy. The tremendous luminosity of Type la 
supernovae allows this method to be used for galaxies more than 


10 9 light-years distant. In a later chapter we will learn what such 
studies tell us about the size and evolution of the universe as a 
whole. 

( ConceptCheck 1 2 -14 ) Which is brighter, a Type la or a Type II 
supernova? 

(ConceptCheck 12-15 Which has a longer-lived brightness, a 
Type la or a Type II supernova? 

Answers appear at the end of the chapter. 

Novae and White Dwarfs 

In the 1950s, painstaking observations of numerous novae by Rob¬ 
ert Kraft, Merle Walker, and their colleagues at the University of 
California’s Lick Observatory led to the conclusion that all novae 
are closely orbiting members of binary star systems containing a 
white dwarf. Gradual mass transfer from the ordinary companion 
star deposits fresh hydrogen onto the second star (Figure 12-22 is 
a schematic diagram of this sort of mass transfer). 
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Figure 12-22 

Three Eclipsing Binaries (a) Algol is a semidetached 
binary. The deep eclipse occurs when the large 
red-giant star blocks the light from the smaller but 
more luminous main-sequence star, (b) (3 Lyraes 
light curve is also at its lowest when the larger star 
completely eclipses the smaller one. Half an orbital 
period later, the smaller star partially eclipses 
the larger one, making a shallower dip in the light 
curve, (c) W Ursae Majoris is an overcontact binary 
in which both stars overfill their Roche lobes. The 
extremely short period of this binary indicates that 
the two stars are very close to each other. 
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1. Material from a star accretes 
onto a companion white dwarf. 



1 * 2. When enough accreted material builds up, 

thermonuclear reactions occur on the white 
dwarf’s surface, creating a burst of visible light. 
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3. The nova fades over several weeks. 
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Figure 12-23 

The Light Curve of a Nova This illustration and graph show the history of Nova 
Cygni 1975, a typical nova. Its rapid rise and gradual decline in apparent brightness are 
characteristic of all novae. This nova, also designated V1500 Cyg, was easily visible to the 
naked eye (that is, was brighter than an apparent magnitude of +6) for nearly a week. 
(Illustration courtesy CXC/M. Weiss) 


Because of the white dwarf’s strong gravity, this hydrogen is 
compressed into a dense layer covering the hot surface of the white 
dwarf. As more gas is deposited and compressed, the temperature 
in the hydrogen layer increases. When the temperature reaches 
about 10 7 K, hydrogen fusion ignites throughout the gas layer, em¬ 
broiling the white dwarf’s surface in a thermonuclear holocaust that 
we see as a nova (Figure 12-23). 

CAUTION It is important to understand the similarities and differ¬ 
ences between novae and the Type la supernovae that we described 
earlier. Both kinds of celestial explosions are thought to occur in 
close binary systems where one of the stars is a white dwarf. But, 
as befits their name, supernovae are much more energetic. A Type 
la supernova explosion radiates 10 44 joules of energy into space, 
while the corresponding figure for a typical nova is 10 37 joules. (To 
be fair to novae, this relatively paltry figure is as much energy as 
our Sun emits in 1000 years.) The difference is thought to be that 
in a Type la supernova, the white dwarf accretes much more mass 
from its companion. This added mass causes so much compres¬ 
sion that nuclear reactions can take place inside the white dwarf. 
Eventually, these reactions blow the white dwarf completely apart. 
In a nova, by stark contrast, nuclear reactions occur only within 
the accreted material. The reaction is more sedate because it takes 
place only on the white dwarf’s surface (perhaps because the ac¬ 
cretion rate is less or because the white dwarf had less mass in the 
first place). 

Because the white dwarf itself survives a nova explosion, it is 
possible for the same star to undergo more than one nova. As an 
example, the star RS Ophiuchi erupted as a nova in 1898, then put 
in repeat performances in 1933, 1958, 1967, 1985, and 2006. By 
contrast, a given star can only be a supernova once. 


( Concep t Check 12-16 ) Why can a nova repeat its brightening 
but a Type la supernova cannot? 

Answer appears at the end of the chapter. 

X-ray Bursters and Neutron Stars 

A surface explosion similar to a nova also occurs with neutron stars. 
In 1975 it was discovered that some objects in the sky emit sudden, 
powerful bursts of X-rays. Figure 12-24 shows the record of a typi¬ 
cal burst. The source emits X-rays at a constant low level until 
suddenly, without warning, there is an abrupt increase in X-rays, 
followed by a gradual decline. An entire burst typically lasts for 
only 20 seconds. Unlike pulsating X-ray sources, there is a fairly 
long interval of hours or days between bursts. Sources that behave 
in this fashion are known as X-ray bursters. Several dozen X-ray 
bursters have been discovered in our galaxy. 

X-ray bursters, like novae, are thought to involve close binaries 
whose stars are engaged in mass transfer. With a burster, however, 
the stellar corpse is a neutron star rather than a white dwarf. Gases 
escaping from the ordinary companion star fall onto the neutron 
star. The X-ray burster’s magnetic field is probably not strong 
enough to funnel the falling material toward the magnetic poles, so 
the gases are distributed more evenly over the surface of the neutron 
star. The energy released as these gases crash down onto the neutron 
star’s surface produces the low-level X-rays that are continually 
emitted by the burster. 

Most of the gas falling onto the neutron star is hydrogen, which 
the star’s powerful gravity compresses against its hot surface. In 
fact, temperatures and pressures in this accreting layer become so 
high that the arriving hydrogen is immediately converted into 
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2. When enough accreted material builds up, 
thermonuclear reactions occur on the neutron 
star’s surface, creating a burst of X-rays. 
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Figure 12-24 

The Light Curve of an X-Ray Burster This illustration and graph show the history of a 
typical X-ray burster. A burster emits a constant low intensity of X-rays interspersed 
with occasional powerful X-ray bursts. This burst was recorded on September 28,1975, 
by an Earth-orbiting X-ray telescope. Contrast this figure with Figure 12-23, which 
shows a typical nova. (Data adapted from W. H. G. Lewin; illustration courtesy 
CXC/M. Weiss 
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helium by hydrogen fusion. As a result, the accreted gases develop 
a layered structure that covers the entire neutron star, with a few 
tens of centimeters of hydrogen lying atop a similar thickness of 
helium. The structure is reminiscent of the layers within an evolved 
giant star (see Figure 11-23), although the layers atop a neutron 
star are much more compressed, thanks to the star’s tremendous 
surface gravity. 

When the helium layer is about 1 m thick, helium fusion ignites 
explosively and heats the neutron star’s surface to about 3 X 10 7 
K. At this temperature the surface predominantly emits X-rays, but 
the emission ceases within a few seconds as the surface cools. Hence, 
we observe a sudden burst of X-rays only a few seconds in duration. 
New hydrogen then flows onto the neutron star, and the whole 
process starts over. Indeed, X-ray bursters typically emit a burst 
every few hours or days. 


Whereas explosive hydrogen fusion on a white dwarf produces 
a nova, explosive helium fusion on a neutron star produces an X-ray 
burster. In both cases, the process is explosive, because the fuel is 
compressed so tightly against the star’s surface that it becomes de¬ 
generate, like the star itself. As with the helium flash inside red gi¬ 
ants, the ignition of a degenerate thermonuclear fuel involves a 
sudden thermal runaway. This is because an increase in temperature 
does not produce a corresponding increase in pressure that would 
otherwise relieve compression of the gases and slow the nuclear 
reactions. 

(ConceptCheck 12-17 ) What are the fundamental differences 
between a nova and an X-ray burster? 

Answer appears at the end of the chapter. 



Supernova Light Curves 



PROMPT: What would you tell a fellow student who said, “Isolated 
massive stars that explode by internal collapse are brighter and 
last longer than other types of supernovae/’ 

ENTER RESPONSE: 


Guiding Questions: 

1. Type la supernovae are created by 

a. stars in close binary systems. 

b. isolated supermassive stars. 

c. a wide variety of stellar death scenarios. 

d. collisions between galaxies. 

2. The most luminous supernovae are 

a. Type la. 

b. Type II. 

c. the same brightness regardless of origin. 

d. highly varying in brightness and origin. 

3. One hundred days after the explosion, the most luminous super¬ 
novae are 

a. Type la. 

b. Type II. 

c. indistinguishable from less luminous supernova. 

d. unpredictable in their luminosity. 

4. About a year after the explosion, the most luminous super¬ 
novae are 

a. Type la. 

b. Type II. 

c. indistinguishable from less luminous supernova. 

d. unpredictable in their luminosity. 
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CHAPTER 12 


Key Ideas and Terms 

12-1 High-mass stars create heavy elements in their cores before violently 

blowing apart in supernova explosions, leaving behind remnants 

• Unlike a moderately low-mass star, a high-mass star larger than 4 M Q 
undergoes an extended sequence of thermonuclear reactions in its core 
and shells, including processes based on carbon, neon, oxygen, and 
silicon. 

• Because thermonuclear reactions can take place simultaneously in 
several shells surrounding the core, energy is released at such a rapid 
rate that the star’s outer layers expand tremendously, resulting in a 
supergiant star, whose luminosity and radius are much larger than 
those of a giant. 

• In the last stages of its life, a high-mass star has an iron-rich core 
surrounded by concentric shells hosting the various thermonuclear 
reactions. 


• Supernovae that are caused by a core-collapse of a massive star are 
categorized as Type II supernovae. 

• Type I supernova result from an accreting white dwarf in a close 
binary system, which becomes a supernova when carbon fusion ignites 
explosively throughout such a degenerate star. 

• A graph of the brightness of a supernova versus time is known as a 
light curve showing that supernovae begin with a sudden rise in 
brightness that occurs in less than a day. 

• Rapid and explosive fusion of helium may occur in the surface layer of 
a companion neutron star producing a sudden increase in X-rays, 
called an X-ray burster. 


Questions 

Review Questions 


• A star with an initial mass greater than 8 M Q dies in a violent 
cataclysm in which its core collapses and most of its matter is ejected 
into space at high speeds, producing a core-collapse supernova. 

12-2 Core-collapse supernovae can leave behind remnants, neutron stars, 

and pulsars 

• The matter ejected from a core-collapse supernova, moving at supersonic 
speeds through interstellar gases and dust, glows as supernova remnants. 

• A neutron star is a dense stellar corpse, supported by closely packed 
neutrons (neutron degeneracy pressure) remaining from a core¬ 
collapse supernova typically having a diameter of only about 20 km, a 
mass less than 3 M Q , a magnetic field 10 12 times stronger than that of 
the Sun, and a rotation period of roughly 1 second. 

• Intense beams of radiation emanate from regions of spinning neutron 
stars near the north and south magnetic poles of a neutron star 
observed as pulses of radio waves and called a pulsar, which slow 
their rotation as they lose energy with age. 

12-3 Black holes are created in the death throes of the most massive of stars 

• Surrounding a black hole, where the escape speed from the hole just 
equals the speed of light, is the event horizon. 

• An object from which neither matter nor light (electromagnetic 
radiation) can escape is called a black hole. 

• The distance from the center of a nonrotating black hole to its event 
horizon is called the Schwarzschild radius. 

• The star’s entire mass is crushed to zero volume—and hence infinite 
density—at a single point, known as the singularity, at its center. 


a 1. What are the important thermonuclear reactions 
l ~ U'l leading up to the formation of iron? 

2. Describe the steps leading up to a core-collapse supernova? 

3. How do neutron stars form? 

4. What are the differences between electron degeneracy pressure and 
neutron degeneracy pressure? 

5. How is a neutron star similar to a coastal lighthouse? 

6. What determines if a core collapse supernova will form a neutron 
star or a black hole? 


a 7. What is the difference between a black hole’s event horizon 
i- | | 10 and its Schwarzschild radius? 


8. When we say that the Moon has a radius of 1738 km, we mean that 
this is the smallest radius that encloses all of the Moon’s material. In 
this sense, is it correct to think of the Schwarzschild radius as the 
radius of a black hole? Why or why not? 

9. Astronomers cannot actually see the black hole candidates in close 
binary systems. How, then, do they know that these candidates are 
not white dwarfs or neutron stars? 

10. What are the differences between a Type la and a Type II supernova? 

11. What are the similarities between a nova and a Type la supernova? 
What are the differences? 

12. What is the similarity between a nova and an X-ray burster? How 
are they different? 


12-4 Black holes cannot be seen directly 

• The evidence for black holes comes from observed regions emanating 
X-rays where heated material glows as it accelerates toward a black 
hole, which can occur when a black hole shares a close binary system 
orbit with a star. 

• Gas gravitationally collected at the center of most galaxies gives rise to 
a central supermassive black hole with a truly stupendous mass. 

12-5 White dwarfs and pulsars in close binary systems can become novae, 

bursters, and supernovae 

• Explosive hydrogen fusion may occur in the surface layer of a 
companion white dwarf in a close binary system, producing the 
sudden increase in luminosity that we call a nova. 


Web Chat Questions 

1. Imagine that our Sun was somehow replaced by a 1-M 0 white-dwarf 
star and that our Earth continued in an orbit of semimajor axis 1 AU 
around this star. Discuss what effects this would have on our planet. 
What would the white dwarf look like as seen from Earth? Could 
you look at it safely with the unaided eye? Would Earth’s surface 
temperature remain the same as it is now? 

2. The similar names white dwarf, red dwarf, and brown dwarf describe 
three very different kinds of objects. Suggest better names for these 
three kinds of objects, and describe how your names more accurately 
describe the objects’ properties. 

3. Describe the kinds of observations you might make in order to locate 
and identify black holes. 
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Collaborative Exercises 

1. Imagine that a supernova originating from a close binary star system, 
both of whose stars have less than 4 solar masses, began (as seen 
from Earth) on the most recent birthday of the youngest person in 
your group. Using the light curves in Figure 12-21 what would its 
new luminosity be today and how bright would it appear in the sky 
(apparent magnitude) if it were located 10 parsecs (32.6 light-years) 
away? How would your answers change if you were to discover that 
the supernova actually originated from an isolated star with a mass 
15 times greater than our Sun? 

2. Consider the graph showing a recording of a pulsar in Figure 12-11. 
Sketch and label similar graphs that your group estimates for: (1) a 
rapidly spinning, professional ice skater holding a flashlight; (2) an 
emergency signal on an ambulance; and (3) a rotating beacon at an 
airport. 

3. As stars go, pulsars are tiny, only about 20 km across. Name three 
specific things or places that have a size or a separation of about 
20 km. 

Observing Projects 

1. The red supergiant Betelgeuse in the constellation Orion will explode 
as a supernova at some time in the future. Use the Starry Night 
College™ program to investigate how the supernova might appear if 
this explosion were to happen tonight. Click the Home button in the 
toolbar to show the sky as seen from your location at the present 
time. Use the Find pane to locate Betelgeuse. If Betelgeuse is below 
the horizon, allow the program to reset the time so that it is visible. 

a) At what time does Betelgeuse rise on today’s date? At what time 
does it set? 

b) What is the apparent magnitude (m y ) of Betelgeuse? (Hint: 

Use the HUD or the Info pane to find this information.) 

c) If Betelgeuse became a supernova today, then at peak brightness 
it would be 11 magnitudes brighter than it is now. For 
comparison, ra y = — 4 for Venus at its brightest and m v = 

— 12.6 for the full moon. Would Betelgeuse be visible in the 
daytime? How would it appear at night? Do you think it would 
cast shadows? 

d) Are Betelgeuse and the Moon both in the night sky tonight? 

(Use the Find pane to locate the Moon.) If they are, and if 
Betelgeuse were to become a supernova, in what ways would 
the shadows cast by Betelgeuse differ from those cast by the 
Moon? 

2. Use the Starry Night College™ program to observe the sky in July 
1054, when the supernova that spawned the Crab Nebula (Ml) was 
visible from the American Southwest. Select Options > Viewing 
Focation... from the menu, click on the Fatitude/Fongitude tab, 
enter 36° N for latitude and 109° W for longitude, and click on the 
Go To Focation button. You are now near the location of the 
pictograph shown in Figure 12-10. Click the Stop button and then, in 
the toolbar, set Date to July 5, 1054, and Time to 5:00 a.m. Use the 
Find pane to find and center on the Crab Nebula. Zoom in or out 
until you can see both the position of the nebula and the Moon. You 
may find it helpful to turn daylight on or off (select Show Daylight or 
Hide Daylight in the View menu). 

a) What is the phase of the Moon? 

b) Investigate how the relative positions of the Moon and the Crab 
Nebula change when you set the date to July 4, 1054, or July 6, 
1054. On which date do the relative positions of the Moon and 
the Crab Nebula give the better match to the pictograph in 
Figure 12-10? 


c) Open the Options pane, expand the Deep Space layer, and click 
the checkbox beside the Hubble Images option to turn this 
feature off. Now, Zoom in on the Crab Nebula to see this 
supernova remnant. Starry Night College™ superimposes an 
X-ray image of this active region from the Chandra space 
telescope on to the visible light image of this Messier object. To 
compare the X-ray and visible images, use the slide controls or 
checkboxes for the Chandra Images and Messier Objects 
options in the Deep Space layer of the Options pane. Open the 
Info pane for the Crab Nebula and obtain its distance from 
Earth under the Position in Space layer and its angular diameter 
from the Other Data layer. Using this information and the year 
in which the supernova was seen to explode, calculate the speed 
of expansion of the supernova remnant in km/s. 

d) Taking light travel time into account, in which year did the star 
actually explode? 

3. Use the Starry Night College™ program to investigate the X-ray 
source Cygnus X-l. Click the Home button in the toolbar and then 
use the Find pane to center the field of view on Cygnus X-l. If 
Cygnus X-l is below the horizon, allow the program to reset the time 
to when it can best be seen. Click the checkbox to the left of the 
listing for Cygnus X-l to apply a label to this object. Use the 
buttonbar or Zoom controls to set the field of view to 100°. 

a) Use the time controls in the toolbar to determine when Cygnus 
X-l rises and sets on today’s date from your location. 

b) Zoom in until you can see an object at the location indicated by 
the label. What apparent magnitude and radius does Starry Night 
College™ give for this object? (You can obtain this information 
from the HUD or by using the Show Info command from the 
contextual menu for this object.) Keeping in mind that the object 
that gives rise to this X-ray source is a black hole, to what must 
this apparent magnitude and radius refer? Explain. 

4. Use the Starry Night College™ program to examine the Veil Nebula, 
a large supernova remnant. Click the Home button in the toolbar to 
reset the view to that from your home location at the current date 
and time. Click the Stop button and in the toolbar set Time to 
midnight (12:00:00 a.m.) with Daylight Saving Time off. Use the 
Find pane to locate the Veil Nebula and then adjust the date in the 
toolbar to find the approximate date on which this object is highest 
in the sky and best situated for observing. 

a) When would be an ideal time to observe this supernova remnant 
from your home location? 

b) Zoom in on the Veil Nebula to a field of view about 5° wide. 
What significant feature do you notice about this supernova 
remnant? 

c) Use the angular separation tool to measure the approximate 
angular distance between the components of this nebula. What 
angular distance separates these components? What form of 
optical aid is best suited to observing this object? 

d) It is believed that the supernova that produced this nebula 
would have been visible to people on Earth about 7000 years 
ago and that its distance from Earth is about 2500 light-years. 
From these data, what is the approximate speed of expansion of 
this nebula in km/s? 

Answers 

ConceptChecks 

ConceptCheck 12-1: The helium would turn into silicon by first fusing into 
carbon, which would then in turn fuse into neon, which would finally fuse 
into silicon. 
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ConceptCheck 12-2: Sunlike stars are far too small for heavy metal fusion 
to occur at all. 

ConceptCheck 12-3: Both. A core-collapse supernova occurs because its 
central core is no longer able to support its outer layers. These unsupported 
outer layers first fall inward then bounce back explosively in the outward 
direction. 

ConceptCheck 12-4: A ring of dust might cause part of the expanding en¬ 
velope to move slower, so if it was not surrounded by a retarding ring of 
dust, the expansion should have been nearly circular. 

ConceptCheck 12-5: Virtually none, if there is no surrounding gas or dust 
with which to collide. Expanding supernova remnants are most easily seen 
when they expand and collide with interstellar gas and dust, causing the 
dust to glow. 

ConceptCheck 12-6: Neutrons, which compose a neutron star, can be 
packed together much more closely than carbon atoms in a white dwarf. 

ConceptCheck 12-7: A pulsar can be most easily described as a quickly, 
rotating neutron star that appears to flash on and off quickly as its brightest 
portions are alternatively observed and not observed. 

ConceptCheck 12-8: The pulsar that is spinning slowest, and thus having 
longer periods between pulsations, is the oldest because isolated pulsars 
tend to slow down over time after their formation. 

ConceptCheck 12-9: Nothing would change. A black hole made of the same 
mass as our Sun would have the same effect on the planets as our Sun cur¬ 
rently does because it would have the same gravitational properties at plan¬ 
etary distances. 


ConceptCheck 12-10: A nonrotating black hole has infinite density and a 
zero diameter singularity, independent of its mass. 

ConceptCheck 12-11: The more massive of the two stars would have 
evolved faster, depleted its core fuel supply first, and would have become a 
black hole, while the second, less massive star would have been evolving 
more slowly. 

ConceptCheck 12-12: Gas near the center of galaxies is observed to be 
moving at tremendously high speeds, which could only be moved so 
quickly due to the tremendous gravitational effects of a supermassive 
black hole. 

ConceptCheck 12-13: A white dwarf can only become a Type la supernova 
if it is part of a very close binary star system and it can gravitationally draw 
matter for fuel from its nearby companion star. 

ConceptCheck 12-14: Type la supernovae are brighter. 

ConceptCheck 12-15: Type II supernovae have a slower brightness decay 
rate. 

ConceptCheck 12-16: The luminosity of a nova occurs as material from a 
companion is ignited only on the white dwarf’s surface for a short time, 
whereas the luminosity of a Type la supernova occurs when the white dwarf 
completely blows itself apart, leaving nothing behind. 

ConceptCheck 12-17: Novae occur when explosive hydrogen fusion takes 
place on a white dwarf, which lasts for weeks, whereas explosive he¬ 
lium fusion on a neutron star produces an X-ray burster that lasts for 
seconds. 




R I V U X G Two views of the Milky Way: a wide-angle visible-light mosaic (upper) and a close-up infrared image from the Spitzer 
Space Telescope (lower), (upper: Dirk Hoppe; lower: NASA/JPL-Caltech/S. Stolovy, Spitzer Science Center/Caltech) 







O n a clear, moonless night, away from the glare of city lights, you can 
often see a hazy, luminous band stretching across the sky. This band, 
called the Milky Way, extends all the way around the sky’s celestial 
sphere. The upper of the two accompanying photographs is centered on the 
brightest part of the Milky Way, in the constellation Sagittarius. 

Galileo, the first person to write about viewing the Milky Way with his 
telescope, discovered that this band is composed of countless dim stars. 
Today, we realize that the Milky Way is actually a disk thousands of light-years 
across, containing hundreds of billions of stars—one of which is our own 
Sun—as well as vast quantities of gas and dust. This vast, swirling assemblage 
of matter gravitationally bound together is collectively called the Milky Way 
Galaxy. 

Just as Galileo’s telescope revealed aspects of the Milky Way that the 
naked eye could not, modern astronomers use telescopes at wavelengths of 


light invisible to our eyes to peer through our Galaxy’s obscuring dust and 
observe what visible-light telescopes never could. For example, the lower of 
the two accompanying photographs is an infrared image that shows hundreds 
of thousands of stars near the center of the Galaxy. As we will see, radio, 
infrared, and X-ray observations reveal that the very center of the Galaxy 
harbors a supermassive black hole with a mass of more than 3.7 million Suns. 
Our Sun and planet Earth are not at the galactic center, but rather about 
25,000 light-years out along the Galaxy’s flat disk, giving us a wondrous view 
of its center. 

Perhaps most surprisingly, astronomers have recently discovered that 
most of the Milky Way’s mass is not in its visible stars, gas, or dust, but in a 
halo of dark matter that emits no measurable light. What the character of 
this dark matter could be remains one of the greatest open questions in 
astronomy and physics. 


L_ 


Key Ideas 


j 


BY READING THE SECTIONS OF THIS CHAPTER, YOU WILL LEARN 


CD The Sun is located in the disk of our Galaxy, about 25,000 
light-years from the galactic center 

Observations of different types of dust, gas, stars, and star 
clusters reveal the shape of our Galaxy 

Observations of star-forming regions reveal that our Galaxy 
has spiral arms 


(ffigl Measuring the rotation of our Galaxy reveals the presence of 
dark matter 

Spiral arms are caused by density waves that sweep around 
the Galaxy 

(g© Infrared and radio observations are used to probe the 
galactic nucleus 
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CHAPTER 13 


The Milky Way is just one of myriad galaxies, or systems of stars and 
interstellar matter, that are spread across the observable universe. By studying 
our home Milky Way Galaxy in this chapter, we begin to explore the universe 
on a grand scale. Instead of focusing on individual stars as we did in earlier 
chapters, we will now look carefully at the overall arrangement and history 
of a huge stellar community of which our Sun is but one member. In this way, 
we gain insights into galaxies, described in the following chapter, and prepare 
ourselves to ask fundamental questions about the cosmos in the book’s final 
chapter. 

(HID "The Sun is located in the disk of our 
Galaxy, about 25,000 light-years from the 
galactic center 

When looking out into the night sky, it is easy to assume that stars 
are evenly distributed throughout the cosmos. As it turns out, hun¬ 
dreds of millions of stars collect together in isolated clumps known 
as galaxies. As discussed in Chapter 1, astronomers define a galaxy 
as an immense collection of stars and interstellar matter, far larger 
than a star cluster. The vast spaces separating galaxies are largely 
empty. 

Peering up into the night sky when it is very dark allows you 
to see the wispy band of light stretching across the sky that is our 
Galaxy, the Milky Way Galaxy. From our vantage point, we have 
an edge-on view, which is why the Milky Way appears as a band 
around the sky (Figure 13-1). Because the Milky Way completely 
encircles us, you might be tempted to think Earth and our Sun are 
located at the center. Until the twentieth century, that was indeed 
the prevailing opinion. One of the first to come to this conclusion 
was the eighteenth-century English astronomer William Herschel, 
who discovered the planet Uranus and was a pioneering cataloger 
of binary star systems. Herschel’s approach to determining the Sun’s 



Figure 13-2 

Herschel’s Map of Our Galaxy In a paper published in 1785, the English astronomer 
William Herschel presented this map of the Milky Way Galaxy. He determined the Galaxy’s 
shape by counting the numbers of stars in various parts of the sky. Herschel’s conclusions 
were flawed because interstellar dust blocked his view of distant stars, leading him to the 
erroneous idea that the Sun is at the center of the Galaxy. (Yerkes Observatory) 


position within the Galaxy was to count the number of stars in each 
of 683 regions of the sky. He reasoned that he should see the greatest 
number of stars toward the Galaxy’s center and a lesser number 
toward the Galaxy’s edge. 

Herschel found approximately the same density of stars all 
along the Milky Way. Therefore, he concluded that we are at the 
center of our Galaxy (Figure 13-2). In the early 1900s, the Dutch 
astronomer Jacobus Kapteyn came to essentially the same conclu¬ 
sion by analyzing the brightness and proper motions of a large 
number of stars. According to Kapteyn, the Milky Way should be 
about 55,000 light-years across in diameter, with the Sun very near 
its center. 


If we look 
out of 
the plane 
of our 
Galaxy... 



...we see 
^ relatively 
\ few stars. 


■TSSlIi 



...we see 
i the Milky 
Way. 


If we look within 
the plane of our . 
Galaxy... 


v 

Disk of our Galaxy 


Earth 


Figure 13-1 

Our View of the Milky Way (a) The Milky Way Galaxy is a disk-shaped collection of stars. 
When we look out at the night sky in the plane of the disk, the stars appear as a band of 
light that stretches all the way around the sky. When we look perpendicular to the plane 
of the Galaxy, we see only those relatively few stars that lie between us and the “top” or 
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View out of 
the plane of 
our Galaxy 


View within 
the plane of 
our Galaxy 


View out of 
the plane of 
our Galaxy 


“bottom” of the disk, (b) This wide-angle photograph shows a 180° view of the Milky Way 
centered on the constellation Sagittarius (compare with the photograph that opens this 
chapter). The dark streaks across the Milky Way are due to interstellar dust in the plane of 
our Galaxy. (Courtesy of Dennis di Cicco) 
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Role of Obscuring Interstellar Dust 

Both Herschel and Kapteyn were wrong about the Sun being at the 
center of our Galaxy. The reason for their mistake was discerned in 
1930 by Robert J. Trumpler of Lick Observatory. While studying 
star clusters, Trumpler discovered to his great surprise that the more 
remote clusters appear unusually dim—more so than would be 
expected from their distances alone. As a result, Trumpler con¬ 
cluded that interstellar space must not be as empty as everyone 
had assumed: It must contain dust that absorbs or scatters light 
from distant stars, causing them to appear dimmer than they oth¬ 
erwise would so that they seem farther or even fewer than they actu¬ 
ally are. 

Like the stars themselves, this interstellar dust is more concen¬ 
trated in the disk of our Galaxy. As a result, it obscures our view, 
making distant objects appear dimmer than they really are, which 
fools us into thinking those stars are much farther away than they 
really are. Great patches of interstellar dust are clearly visible in 
wide-angle photographs such as the one in Figure 13-3. Because 
Herschel and Kapteyn were actually seeing only the nearest stars in 
the Galaxy, they had no idea of either the enormous size of the 
Galaxy or of the vast number of stars concentrated around the 
galactic center. 


ANALOGY Herschel and Kapteyn faced much the same dilemma as 
a lost motorist on a foggy night. Unable to see more than a city 
block in any direction, he would have a hard time deciding what 
part of town he was in. If the fog layer were relatively shallow, 
however, our motorist would be able to see the lights from tall 
buildings that extend above the fog, and in that way he could de¬ 
termine his location (Figure 13-4 a). 

The same principle applies to our Galaxy. While interstellar 
dust in the plane of our Galaxy hides the sky covered by the Milky 
Way, we have an almost unobscured view out of the plane (that is, 
to either side of the Milky Way). To find our location in the Galaxy, 
we need to locate bright objects that are part of the Galaxy but lie 
outside its plane in unobscured regions of the sky. 

Fortunately, bright objects of the sort we need do in fact exist. 
They are the globular clusters, a class of star clusters associated with 
the Galaxy but which lie outside its plane (Figure 13-4 b). A typical 
globular cluster is a spherical distribution of roughly 10 6 stars 
packed in a volume only a few hundred light-years across (see Fig¬ 
ure 11-22). 

However, to use globular clusters to determine our location in 
the Galaxy, we must first determine the distances from the Earth to 
these clusters. (Think again of our lost motorist—glimpsing the 



Figure 13-3 RIVUXG 

Obscuring Dust Clouds Distant stars are obscured by nearer dark clouds of obscuring gas and dust. (Steve Cannistra/Starry Wonders) 
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(a) Determining your position in the fog 

Figure 13-4 

Finding the Center of the Galaxy (a) A motorist lost on a foggy night can determine 
his location by looking for tall buildings that extend above the fog. (b) In the same 
way, astronomers determine our location in the Galaxy by observing globular 



Sun 


Earth 


Disk of the 
Milky Way 
Galaxy 


■ Center 
| of Galaxy 



(b) Determining your position in the Galaxy 


clusters that are part of the Galaxy but lie outside the obscuring material in the 
galactic disk. The globular clusters form a spherical halo centered on the center of 
the Galaxy. 


lights of a skyscraper through the fog may be useful to the motorist, 
but only if he can tell how far away the skyscraper is.) Pulsating 
variable stars in globular clusters provide the distances, giving as¬ 
tronomers the key to the dimensions of our Galaxy. 

In 1912, the American astronomer Henrietta Leavitt reported 
her important discovery of the period-luminosity relation for Ce- 
pheid variables. Cepheid variables are pulsating stars that vary pe¬ 
riodically in brightness (see Figure 13-5). Leavitt found that the 
longer a Cepheid’s period, the greater its luminosity. 

The period-luminosity law is an important tool in astronomy 
because it can be used to determine distances. For example, suppose 
you find a Cepheid variable in the sky. By measuring its period and 
using a graph like Figure 13-6, you can determine the star’s aver¬ 
age luminosity. Knowing the star’s average luminosity, you can find 
out how far away the star must be in order to give the observed 
brightness. 

Shortly after Leavitt’s discovery of the period-luminosity law, 
Harlow Shapley, a young astronomer at the Mount Wilson Obser¬ 
vatory in California, began studying a family of pulsating stars 
closely related to Cepheid variables called RR Lyrae variables. The 
light curve of an RR Lyrae variable is similar to that of a Cepheid, 
but RR Lyrae variables have shorter pulsation periods and lower 
peak luminosities (see Figure 13-6). 

The tremendous importance of RR Lyrae variables is that they 
are commonly found in globular clusters (Figure 13-7). By using the 
period-luminosity relationship for these stars, Shapley was able to 
determine the distances to the 93 globular clusters then known. He 
found that some of them were more than 100,000 light-years from 
Earth. The large values of these distances immediately suggested that 
the Galaxy was much larger than Herschel or Kapteyn had thought. 

Another striking property of globular clusters is how they are 
distributed across the sky. Ordinary stars are rather uniformly spread 
along the Milky Way. However, the majority of the 93 globular 
clusters that Shapley studied are located in one-half of the sky, 


widely scattered around the portion of the Milky Way that is in the 
constellation Sagittarius. 

From the directions to the globular clusters and their distances 
from us, Shapley mapped out the three-dimensional distribution of 
these clusters in space. In 1920 he concluded that the globular clus¬ 
ters form a huge spherical distribution centered not on the Earth 
but rather about a point in the Milky Way several tens of thousands 
of light-years away in the direction of Sagittarius (see Figure 13-1 b). 
This point, reasoned Shapley, must coincide with the center of our 
Galaxy, because of gravitational forces between the disk of the 
Galaxy and the “halo” of globular clusters. Therefore, by locating 
the center of the distribution of globular clusters, Shapley was in 
effect measuring the location of the galactic center. 

Since Shapley’s pioneering observations, many astronomers 
have measured the distance to the center of our Galaxy. Shapley’s 
estimate of this distance was too large by about a factor of 2, be¬ 
cause he did not take into account that starlight dims when passing 
through intervening interstellar dust, which was not well understood 
at the time. Today, the generally accepted distance to the galactic 
nucleus is about 8 kpc (25,000 ly); the actual distance could be 
greater or less than that value by about 1 kpc (3300 ly). In other 
words, it would take sunlight about 25,000 years to travel from our 
Sun to the galactic center. Just as Copernicus and Galileo showed 
that the Earth was not at the center of the solar system, Shapley and 
his successors showed that the solar system lies nowhere near the 
center of the Galaxy. We see that the Earth seems to occupy no par¬ 
ticularly special position in the universe. 

(ConceptCheck13-l ) If astronomers observed that globular 
clusters were evenly spread across all parts of the sky, what would 
astronomers assume about the location of our Sun and Earth in our 
Galaxy? 

Answer appears at the end of the chapter. 











5 Cephei reaches 



Time (days) 


(a) The light curve of 6 Cephei (a graph of brightness versus time) 



(b) Radial velocity versus time for 5 Cephei 

(positive: star is contracting; negative: star is expanding) 


When 8 Cephei is at maximum brightness, the 
star is near its maximum surface temperature 



Time (days) 


(c) Surface temperature versus time for 8 Cephei 

Figure 13-5 

5 Cephei— A Pulsating Star (a) As g Cephei pulsates, it brightens quickly (the light curve 
moves upward sharply) but fades more slowly (the curve declines more gently). The increases 
and decreases in brightness are nearly in step with variations in (b), the star’s radial velocity 


When 8 Cephei is at maximum brightness, the 
star is expanding (its diameter is increasing) 



(d) Diameter versus time for 8 Cephei 

(positive when the star contracts and the surface moves away from us, negative when the star 
expands and the surface approaches us), as well as in (c), the stars surface temperature, (d) 

The star is still expanding when it is at its brightest and hottest (compare with parts a and b). 



Figure 13-6 

Period and Luminosity for Cepheid and RR Lyrae Variables This graph shows the 
relationship between period and luminosity for Cepheid variables and RR Lyrae variables. 
Cepheids come in a broad range of luminosities: The more luminous the Cepheid, the 
longer its pulsation period. By contrast, RR Lyrae variables are horizontal-branch stars that 
all have roughly the same average luminosity of about 100 L Q . 
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Figure 13-7 RIVUXG 

RR Lyrae Variables in a Globular Cluster The arrows point to three RR Lyrae 
variables in the globular cluster M55, located in the constellation Sagittarius. From the 
average apparent brightness (as seen in this photograph) and average luminosity (known to 
be roughly 100 L Q ) of these variable stars, astronomers have deduced that the distance to 


M55 is 6500 pc (20,000 ly). (Harvard Observatory) 
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(]fc« Observations of different types of 
dust, gas, stars, and star clusters reveal the 
shape of our Galaxy 


Exploring the Milky Way in the Infrared 

> If the Sun isn’t at the galactic center, what is? When we 
look toward the center, in the direction of the constella- 
tion Sagittarius, our view of the very center is completely 
blocked by dust. At visible wavelengths, light is so obscured by 
interstellar dust that the galactic nucleus is blocked from view with 
optical telescopes. Fortunately, longer wavelengths of light can suc¬ 
cessfully travel through interstellar dust without being scattered or 
absorbed as much as shorter wavelengths. As a result, we can see 
farther into the plane of the Milky Way at infrared wavelengths 
than at visible wavelengths, and radio waves can traverse the Gal¬ 
axy freely. For this reason, telescopes sensitive to these nonvisible 
wavelengths are important tools for studying the structure of our 
Galaxy. 

Infrared light is particularly useful for tracing the location of 
interstellar dust in the galaxy. Light shining from nearby stars is able 
to warm the dust grains to temperatures in the range of 10 to 90 K, 
and thus the dust emits radiation predominately at wavelengths 
from about 30 to 300 pm. These are called far-infrared wavelengths, 
because they lie in the part of the infrared spectrum most different 
in wavelength from visible light. At these wavelengths, interstellar 
dust radiates more strongly than stars, so a far-infrared view of the 


sky is principally a view of where the dust is. In 1983 the Infrared 
Astronomical Satellite (IRAS) scanned the sky at far-infrared wave¬ 
lengths, giving the panoramic view of the Milky Way’s dust shown 
in Figure 13-8<z. 

In 1990 an instrument on the Cosmic Background Explorer 
(COBE) satellite scanned the sky at near-infrared wavelengths, that 
is, relatively short wavelengths closer to the visible spectrum. Figure 
13-8 b shows the resulting near-infrared view of the plane of the 
Milky Way. At near-infrared wavelengths, interstellar dust does not 
emit very much light. Hence, the light sources in Figure 13-8 b are 
stars, which do emit strongly in the near-infrared (especially the 
cool stars, such as red giants and supergiants). Because interstellar 
dust doesn’t interfere with light at near-infrared wavelengths, many 
of the stars whose light is recorded in Figure 13-8 b lie deep within 
the Milky Way. 

( ConceptCheck 13-2 ) If an astronomer wanted to study the 
nature of cool stars hiding inside dust clouds, which wavelength 
would be the best choice, near-infrared or far-infrared? 

Answer appears at the end of the chapter. 

Structure of Our Galaxy 

Observations such as those shown in Figure 13-8, along with the 
known distance to the center of the Milky Way Galaxy, have helped 
astronomers to establish the dimensions of the Galaxy. The disk of 
our Galaxy is about 50 kpc (160,000 ly) in diameter and about 



(a) Infrared emission from dust at wavelengths of 25, 60, and 100 |xm 


* 

Central bulge 

\ * 



Stars lie mostly in the plane of the Galaxy and in the central bulge 


(b) Infrared emission from dust at wavelengths of 1.2, 2.2, and 3.4 |xm 

Figure 13-8 RIVUXG 

The Infrared Milky Way (a) This view was constructed from observations made at far- 
infrared wavelengths by the IRAS spacecraft. Interstellar dust, which is mostly confined 
to the plane of the Galaxy, is the principal source of radiation in this wavelength range. 

(b) Observing at near-infrared wavelengths, as in this composite of COBE data, allows us 


to see much farther through interstellar dust than we can at visible wavelengths. Light 
in this wavelength range comes mostly from stars in the plane of the Galaxy and in the 
bulge at the Galaxy’s center. (NASA) 
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Figure 13-9 

Our Galaxy (Schematic Edge-on View) There are three major 
components of our Galaxy: a disk, a central bulge, and a halo. The 
disk contains gas and dust along with metal-rich (Population I) 
stars. The halo is composed almost exclusively of old, metal-poor 
(Population II) stars. The central bulge is a mixture of Population I 
and Population II stars. 


0.6 kpc (2000 ly) thick, as shown in Figure 13-9. The center of the 
Galaxy is surrounded by a distribution of stars, called the central 
bulge, which is about 2 kpc (6500 ly) in diameter. This central bulge 
is clearly visible in Figure 13-8 b. The spherical distribution of globu¬ 
lar clusters traces the halo of the Galaxy. 

This structure is not unique to our Milky Way Galaxy. Figure 
13-10 shows another galaxy that has dust and stars lying in a disk 
and that has a central bulge of stars, just like the Milky Way. In the 
same way that our Sun is a rather ordinary member of the stellar 
community that makes up the Milky Way, the Milky Way turns out 
to be a rather common variety of galaxy. 


( ConceptCheck 13-3 ) Would an imaginary space traveler have a 
better view of our Sun and its planets by standing at the galactic 
center or in the halo? 

Answer appears at the end of the chapter. 

The Milky Way's Distinct Stellar Populations 

It is estimated that our Galaxy contains about 200 billion (2 X 10 11 ) 
stars. Remarkably, different kinds of stars are found in the various 
components of the Galaxy. The globular clusters in the halo are 


i-1 

1 arcmin 


Other, even 
more distant 
galaxies 


(a) Infrared emission from dust in NGC 7331 at 5.8 and 8.0 |am 

Figure 13-10 RIVUXG 

NGC 7331: A Near-Twin of the Milky Way If we could view our Galaxy from a great 
distance, it would probably look like this galaxy in the constellation Pegasus. As in Figure 
13-8, the far-infrared image (a) reveals the presence of dust in the galaxy’s plane, while the 



NGC 7331 




(b) Infrared emission from stars in NGC 7331 at 3.6 and 4.5 |xm 


near-infrared image (b) shows the distribution of stars. These images of NGC 7331, which is 
about 15 million pc (50 million ly) from Earth, were made with the Spitzer Space Telescope 
(see Figure 2-27a). (NASA; JPL-Caltech; M. Regan [STScI]; and the SINGS Team) 
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Figure 13-11 RIVUXG 

Star Orbits in the Milky Way The different populations of stars in our Galaxy travel along 
different sorts of orbits. The galaxy in this visible-light image is the Milky Way’s near-twin 
NGC 7331, the same galaxy shown at infrared wavelengths in Figure 13-10. (Daniel Bramich 
[ING] and Nik Szymanek) 


composed of old, metal-poor, Population Population II stars are 
II stars. Although these clusters are con- CQVered jn Section 1H 
spicuous, they contain only about 1 % of m 
the total number of stars in the halo. Most 

halo stars are single Population II stars in isolation. Curiously, these 
stars move relatively quickly about the galaxies—quickly as com¬ 
pared to the speed at which our Sun moves. These ancient stars orbit 
the Galaxy along paths tilted at random angles to the disk of the 
Milky Way, as do the globular clusters. By contrast, stars in the disk 
travel along orbits that remain in the disk (Figure 13-11). 

The stars in the disk are mostly young, metal-rich, Population I 
stars like the Sun. The disk of a galaxy like the Milky Way appears 
bluish because its light is dominated by energy emitted from hot O 
and B main-sequence stars. Such stars have very short main-sequence 
lifetimes, so they must be quite young by astronomical standards. 
Hence, their presence shows that there must be active star formation 
in the galactic disk. By contrast, no O or B stars are present in the 
halo, which implies that star formation ceased there long ago. 

The central bulge contains both Population I stars and metal- 
poor Population II stars. Since Population II stars are thought to be 
the first generation of stars to have formed in the history of the 
universe, some of the stars in the bulge are quite ancient while others 
were created more recently. From an observational perspective, the 
central bulge itself looks somewhat yellowish or reddish because it 
contains many red giants and red supergiants, but does not contain 
luminous, short-lived, blue O or B stars. Hence, there cannot be 
ongoing star formation in the central bulge. The same is true for 
other galaxies whose structure is similar to that of the Milky Way 
(Figure 13-12). 

Why are there such different populations of stars in the halo, 
disk, and central bulge? Why has star formation stopped in some 


Figure 13-12 RIVUXG 
Stellar Populations: Disk Versus Central Bulge The disk and 
central bulge of the Milky Way contain rather different populations 
of stars. The same is true for the galaxy NGC 1309, which has a 
similar structure to the Milky Way Galaxy and happens to be 
oriented face-on to us. NGC 1309 lies about 30 million pc (100 
million ly) from us in the constellation Eridanus. (NASA; Hubble 
Heritage Team; and A. Riess, STScI) 
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regions of the Galaxy but continues in other regions? The answers 
to these questions are related to the way that stars, as well as the 
gas and dust from which stars form, move within the Galaxy. 

( ConceptCheck 13-4 ) If you were looking to find the most 
recently formed stars in the Galaxy, where would you most likely look? 

Answer appears at the end of the chapter. 


fjEgcl Observations of star-forming regions 
reveal that our Galaxy has spiral arms 

The galaxies shown in Figure 13-10 and Figure 13-12 
m both have spiral arms, spiral-shaped concentrations of 

g as anc j d us t that extend outward from the center in a 
shape reminiscent of a pinwheel. Although we can’t see the precise 
shape of the Milky Way because we are inside it, we suspect that 
our own Milky Way Galaxy also has spiral arms. Because interstel¬ 
lar dust obscures our visible-light view in the plane of our Galaxy, 
a detailed understanding of the structure of the galactic disk did 
not occur until the development of radio astronomy. Thanks to their 
long wavelengths, radio waves can penetrate the interstellar medium 
even more easily than infrared light and can travel without being 
scattered or absorbed. As we shall see in this section, both radio 
and optical observations reveal that our Galaxy does indeed have 
spiral arms. 

Mapping Hydrogen in the Milky 
Way with Radio Waves 

Hydrogen is by far the most abundant element in the universe. 
Hence, by looking for concentrations of hydrogen gas, we should 
be able to detect important clues about the distribution of matter 
in our Galaxy. Unfortunately, ordinary visible-light telescopes are 
of little use in this quest. This is so because hydrogen atoms can 
only emit visible light if their electrons are first excited to high en¬ 
ergy levels. This is quite unlikely to occur in the cold depths of in¬ 
terstellar space. Furthermore, even if there are some hydrogen atoms 
that glow strongly at visible wavelengths, interstellar dust would 
make it impossible to see this glow from distant parts of the 
Galaxy. 

What makes it possible to map out the distribution of hydrogen 
in our Galaxy is that even cold hydrogen clouds emit radio waves. 
As we mentioned earlier, radio waves can easily penetrate the inter¬ 
stellar medium, so we can detect the radio emission from such cold 
clouds no matter where in the Galaxy they lie. The hydrogen in these 
clouds is neutral—that is, not ionized. Astronomers use the notation 
H I for neutral, un-ionized hydrogen atoms and H II for ionized 
hydrogen atoms. To understand how H I clouds can emit radio 
waves, we must probe a bit more deeply into the structure of pro¬ 
tons and electrons, the particles of which hydrogen atoms are made. 

In addition to having mass and charge, particles such as protons 
and electrons possess a tiny amount of angular momentum (that is, 
rotational motion) commonly called spin. Very roughly, you can 
visualize a proton or electron as a tiny, electrically charged sphere 
that spins on its axis. Because electric charges in motion generate 


magnetic fields, a proton or electron behaves like a tiny magnet with 
a north pole and a south pole (Figure 13-13). 

If you have ever played with magnets, you know that two mag¬ 
nets attract when the north pole of one magnet is next to the south 
pole of the other and repel when two like poles (both north or both 
south) are next to each other (Figure 13-13a). In other words, the 
energy of the two magnets is least when opposite poles are together 
and highest when like poles are together. Hence, as shown in Fig¬ 
ure 13-13b, the energy of a hydrogen atom is slightly different, 
depending on whether the spins of the proton and electron are in 
the same direction or opposite directions. (According to the laws 
of physics, these are the only two possibilities; the spins cannot be 
at random angles.) 



N N 


Opposite poles together: lower-energy configuration 


(a) The magnetic energy of two bar magnets depends on their 
relative orientation 



Parallel spins: higher-energy configuration 


VWW^ 

Photon, 

wavelength = 21 cm 


Opposite spins: lower-energy configuration 


(b) The magnetic energy of a proton and electron depends on their 
relative spin orientation 

Figure 13-13 

Magnetic Interactions in the Hydrogen Atom (a) The energy of a pair of magnets is high 
when their north poles or their south poles are near each other, and low when they have 
opposite poles near each other, (b) Thanks to their spin, electrons and protons are both 
tiny magnets. When the electron flips from the higher-energy configuration (with its spin 
in the same direction as the proton’s spin) to the lower-energy configuration (with its spin 
opposite to the proton’s spin), the atom loses a tiny amount of energy and emits a radio 
photon with a wavelength of 21 cm. 
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Figure 13-14 RIVUXG 

The Sky at 21 Centimeters This image was made by mapping 
the sky with radio telescopes tuned to the 21-cm wavelength 
emitted by neutral interstellar hydrogen (H I). The entire sky has 
been mapped onto an oval, and the plane of the Galaxy extends 
horizontally across the image, as in Figure 13-8. Black and blue 
represent the weakest emission, and red and white the strongest. 
(Courtesy of C. Jones and W. Forman, Harvard-Smithsonian 
Center for Astrophysics) 


21-cm emission shows that hydrogen gas is 
concentrated along the plane of the Galaxy 



If the spin of the electron changes its orientation from the 
higher-energy configuration to the lower-energy one—called a spin- 
flip transition—a photon is emitted. The energy difference between 
the two spin configurations is very small, only about 10“ 6 as great 
as those between different electron orbits. Therefore, the photon 
emitted in a spin-flip transition between these configurations has 
only a small amount of energy, and thus its wavelength is a relatively 
long 21 cm. What is important here is that the photon generated in 
this scenario has a wavelength of 21 cm and is in the radio wave¬ 
lengths portion of the electromagnetic spectrum. 

The spin-flip transition in neutral hydrogen was first predicted 
in 1944 by the Dutch astronomer Hendrik van de Hulst. His cal¬ 
culations suggested that it should be possible to detect the 21-cm 
radio emission from interstellar hydrogen, although a very sensitive 
radio telescope would be required. In 1951, Harold Ewen and Ed¬ 
ward Purcell at Harvard University first succeeded in detecting this 
faint emission from hydrogen between the stars. 

Figure 13-14 shows the results of a more recent 21-cm survey 
of the entire sky. Neutral hydrogen gas (H I) in the plane of the 
Milky Way stands out prominently as a bright band across the 
middle of this image. 

The distribution of gas in the Milky Way is not uniform but is 
actually quite frothy. In fact, our Sun lies near the edge of an irregu¬ 
larly shaped region within which the interstellar medium is very 
thin but at very high temperatures (about 10 6 K). This curious re¬ 
gion may have been carved out by a supernova that exploded 
nearby some 300,000 years ago. 

( ConceptCheck 13-5 ) If a spin-flip transition released 
substantially more energy, such that a photon was emitted in the 
far-infrared range, would the Milky Way stretching across the night 
sky appear brighter or dimmer? 

CalCUlationCheck 13-1 ) If a 21-cm photon is observed when a 
single hydrogen atom undergoes a spin-flip transition, what 
wavelength of photon is observed when 10 hydrogen atoms undergo 
spin-flip transitions? 

Answers appear at the end of the chapter. 


Detecting Our Galaxy's Spiral Arms 

The detection of 21-cm radio radiation was a major breakthrough 
that permitted astronomers to reveal the presence of spiral arms in 
the galactic disk. Figure 13-15 shows how this was done. Suppose 
that you aim a radio telescope along a particular line of sight across 
the Galaxy. Your radio receiver, located at S (the position of the solar 
system), picks up 21-cm emission from H I clouds at points 1, 2, 
3, and 4. However, the radio waves from these various clouds are 



• Hydrogen clouds 1 and 3 are approaching us: 

They have a moderate blueshift. 

• Hydrogen cloud 2 is approaching us at a 
faster speed: It has a larger blueshift. 

• Hydrogen cloud 4 is neither approaching nor 
receding: It has neither redshift nor blueshift. 

Figure 13-15 

A Technique for Mapping Our Galaxy If we look within the plane of our Galaxy from our 
position at 5, hydrogen clouds at different locations (shown as 1,2,3, and 4) along our line 
of sight are moving at slightly different speeds relative to us. As a result, radio waves from 
these various gas clouds are subjected to slightly different Doppler shifts. This permits 
radio astronomers to sort out the gas clouds and thus map the Galaxy. 
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Figure 13-16 RIVUXG 

A Map of Neutral Hydrogen in Our Galaxy This map, constructed from radio-telescope 
surveys of 21-cm radiation, shows the distribution of hydrogen gas in a face-on view of our 
Galaxy. The map suggests a spiral structure. Details in the blank, wedge-shaped region at 
the bottom of the map are unknown. Gas in this part of the Galaxy is moving perpendicular 
to our line of sight and thus does not exhibit a detectable Doppler shift. (Courtesy of 
G. Westerhout) 

Doppler shifted by slightly different amounts, because the clouds are 
moving at different speeds as they travel with the rotating Galaxy. 

It is important to remember that the Doppler shift reveals only 
motion along the line of sight. In Figure 13-15, cloud 2 has the 
highest speed along our line of sight, because it is moving directly 


toward us. Consequently, the radio waves from cloud 2 exhibit a 
larger Doppler shift than those from the other three clouds along 
our line of sight. Because clouds 1 and 3 are at the same dis¬ 
tance from the galactic center, they have the same orbital speed. The 
fraction of their velocity parallel to our line of sight is also the same, 
so their radio waves exhibit the same Doppler shift, which is less 
than the Doppler shift of cloud 2. Finally, cloud 4 is the same dis¬ 
tance from the galactic center as the Sun. This cloud is thus orbiting 
the Galaxy at the same speed as the Sun, resulting in no net motion 
along the line of sight. Radio waves from cloud 4, as well as from 
hydrogen gas near the Sun, are not Doppler shifted at all. 

These various Doppler shifts cause radio waves from gases in 
different parts of the Galaxy to arrive at our radio telescopes with 
wavelengths slightly different from 21 cm. It is therefore possible 
to sort out the various gas clouds and thus produce a map of the 
Galaxy like that shown in Figure 13-16. 

Figure 13-16 shows that neutral hydrogen gas is not spread 
uniformly around the disk of the Galaxy but is concentrated into 
numerous arched lanes. Similar features are seen in other galaxies 
beyond the Milky Way. As an example, the galaxy in Figure 13-1 7a 
has prominent spiral arms outlined by hot, luminous, blue main- 
sequence stars and the red emission nebulae (H II regions) found 
near many such stars. Stars of this sort are very short-lived, so these 
features indicate that spiral arms are sites of active, ongoing star 
formation. The 21-cm radio image of this same galaxy, shown in 
Figure 13-1 7b, shows that spiral arms are also regions where neutral 
hydrogen gas is concentrated, similar to the structures in our own 
Galaxy visible in Figure 13-16. This similarity is a strong indication 
that our Galaxy also has spiral arms. 

CAUTION Photographs such as Figure 13-17a might lead to the 
mistaken impression that there are very few stars between the spiral 
arms of a galaxy. Nothing could be further from the truth! In 
fact, stars are distributed rather uniformly throughout the disk of 




RIVUXG 

(b) 21-cm radio view of M83 


Cool, dim stars are spread more 
uniformly across the galaxy’s disk 



RIVUXG 

(c) Near-infrared view of M83 


RIVUXG 

(a) Visible-light view of M83 

Figure 13-17 

A Spiral Galaxy The galaxy M83 lies in the southern constellation Hydra about 5 million 
pc (15 million ly) from Earth, (a) This visible-light image clearly shows the spiral arms. 

The presence of young stars and H II regions indicates that star formation takes place in 
spiral arms, (b) This radio view at a wavelength of 21 cm shows the emission from neutral 
interstellar hydrogen gas (H I). Note that essentially the same pattern of spiral arms is 


traced out in this image as in the visible-light photograph, (c) M83 has a much smoother 
appearance in this near-infrared view. This shows that cooler stars, which emit strongly 
in the infrared, are spread more uniformly across the galaxy’s disk. Note the elongated 
bar shape of the central bulge, (a: Anglo-Austrolian Observatory; b: VLA, NRAO; 
c: S. Van Dyk/IPAC) 
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a galaxy like the one in Figure 13-17*2; the density of stars in the 
spiral arms is only about 5 % higher than in the rest of the disk. The 
spiral arms stand out nonetheless because they are where hot, blue 
O and B stars are found. One such star is about 10 4 times more 
luminous than an average star in the disk, so the light from O and 
B stars completely dominates the visible appearance of a spiral 
galaxy. An infrared image such as Figure 13- 17c gives a better im¬ 
pression of how stars of all kinds are distributed through a spiral 
galaxy’s disk. 

(ConceptCheck 13-6 ) When looking at neutral hydrogen gas that 
is moving away from you, how is its wavelength changed as compared 
to neutral hydrogen gas that is not moving relative to you? 

Answer appears at the end of the chapter. 

Mapping the Spiral Arms and the Central 
Bulge with Visible-light Observations 

Figure 13-17^ suggests that we can confirm the presence of spiral 
structure in our own Galaxy by mapping the locations of star¬ 
forming regions. Such regions are marked by OB associations, H II 
regions, and molecular clouds. Unfortunately, the first two of these 
are best observed using visible light, and interstellar dust limits the 
range of visual observations in the plane of the Galaxy to less than 
3 kpc (10,000 ly) from the Earth. But there are enough OB associa¬ 
tions and H II regions within this range to plot the spiral arms in 
the vicinity of the Sun. 

Molecular clouds are easier to observe at great distances, be¬ 
cause molecules of carbon monoxide (CO) in these clouds emit 
radio waves that are relatively unaffected by interstellar dust. Hence, 
the positions of molecular clouds have been observed even in remote 
corners of the Galaxy, normally uncharted. Taken together, all these 
observations demonstrate that our Galaxy has at least four major 
spiral arms as well as several short arm segments (Figure 13-18). 
The Sun is located just outside a relatively short arm segment called 
the Orion arm, which includes the Orion Nebula and neighboring 
sites of vigorous star formation in that constellation. 

Two major spiral arms border either side of the Sun’s position. 
The Sagittarius arm is on the side toward the galactic center. This 
is the arm you see on June and July nights when you look at the 
portion of the Milky Way stretching across Scorpius and Sagittarius, 
near the center of the upper photograph on the first page of this 
chapter. In December and January, when our nighttime view is di¬ 
rected away from the galactic center, we see the Perseus arm. The 
other major spiral arms cannot be seen at visible wavelengths 
thanks to the obscuring effects of dust. 

Figure 13-18*2 also shows that the central bulge of the Milky 
Way is not spherical, but rather is elongated like a bar. This is unlike 
the galaxy NGC 7331 shown in Figure 13-10, but similar to the 
galaxy M83 depicted in Figure 13-17. The elongated shape of the 
central bulge had been suspected since the 1980s; this was con¬ 
firmed in 2005 using the Spitzer Space Telescope, which was used 
to survey the infrared emissions from some 3 million stars in the 
central bulge. Thus, the artist’s impression shown in Figure 13-18*2 
is based on observations using both radio wavelengths (for the 
spiral arms) and infrared wavelengths (for the central bulge). As it 



(a) The structure of the Milky Way's disk 


To the center of the Galaxy 



(b) Close-up of the Sun's galactic neighborhood 

Figure 13-18 

Our Galaxy Seen Face-on: Artist’s Impressions (a)The Galaxy’s diameter is about 
50,000 pc (160,000 ly), and our solar system is about 8000 pc (25,000 ly) from the galactic 
center. The elongated central bulge is about 8300 pc (27,000 ly) long and is oriented at 
approximately 45° to a line running from the solar system to the galactic center, (b) Our 
solar system is located between the Sagittarius and Perseus arms, two of the major spiral 
arms in the Milky Way. (a: NASA/JPL-Caltech/R. Hurt, SSC; b: National Geographic) 


turns out, this elongated shape may play a crucial role in sustaining 
the Galaxy’s spiral structure. 

Why are the young stars, star-forming regions, and clouds of 
neutral hydrogen in our Galaxy all found predominantly in the 
spiral arms? To answer this question, we must understand why 
spiral arms exist at all. Spiral arms are essentially cosmic “traffic 
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(a) The orbital speed of stars and gas 
around the galactic center is nearly 
uniform throughout most of our Galaxy. 



Sun’s orbit 

Galactic center 


(b) If our Galaxy rotated like a solid disk, 
the orbital speed would be greater for 
stars and gas in larger orbits. 



+ 

Galactic center 


(c) If the Sun and stars obeyed Kepler’s 
third law, the orbital speed would be less 
for stars and gas in larger orbits. 



jams,” places where matter piles up as it orbits around the center 
of the Galaxy. This orbital motion, which is essential to grasping 
the significance of spiral arms, is our next topic as we continue our 
exploration of the Galaxy. 

( ConceptCheck 13-7 ) When traveling from the edge of the 
galactic disk toward the galactic bulge passing nearby the Sun, what is 
the sequence of arms that must be traversed: Orion, Sagittarius, and 
Perseus? 

Answer appears at the end of the chapter. 

fjlctf i Measuring the rotation of our Galaxy 

reveals the presence of dark matter 

The spiral arms in the disk of our Galaxy suggest that the disk 
rotates. This means that the stars, gas, and dust in our Galaxy are 
all orbiting the galactic center. Indeed, if this were not the case, 
mutual gravitational attraction would cause the entire Galaxy to 
collapse into the galactic center. In the same way, the Moon is kept 
from crashing into the Earth and the planets from crashing into the 
Sun because of their motion around their orbits. 

Measuring the rotation of our Galaxy accurately is a difficult 
business. But such challenging measurements have been made, as 
we shall see, and the results lead to a remarkable conclusion: Most 
of the mass of the Galaxy is in the form of dark matter ; a mysterious 
sort of material that emits no light at all. 

Measuring How the Milky Way Rotates 

Radio observations of 21-cm radiation from hydrogen gas provide 
important clues about our Galaxy’s rotation. Doppler shift measure¬ 
ments of this radiation indicate that stars and gas all orbit in the 
same direction around the galactic center, just as the planets all orbit 
in the same direction around the Sun. Measurements also show that 
the orbital speed of stars and gas about the galactic center is fairly 
uniform throughout much of the Galaxy’s disk (Figure 13-19). As a 
result, stars inside the Sun’s orbit complete a trip around the galactic 
center more quickly than the Sun, because the stars have a shorter 
distance to travel. Conversely, stars outside the Sun’s orbit take lon¬ 
ger to go once around the galactic center because they have farther 
to travel. As seen by Earth-based astronomers moving along with 
the Sun, stars inside the Sun’s orbit overtake and pass us, while we 
overtake and pass stars outside the Sun’s orbit (Figure 13-19a). 


“|4..■- £ Figure 13-19 

The Rotation of Our Galaxy (a) This schematic diagram shows three stars 
(the Sun and two others) orbiting the center of the Galaxy. Although they start off lined 
up, the stars become increasingly separated as they move along their orbits. Stars inside 
the Sun’s orbit overtake and move ahead of the Sun, while stars far from the galactic center 
lag behind the Sun. (b) The stars would remain lined up if the Galaxy rotated like a solid 
disk. This is not what is observed, (c) If stars orbited the galactic center in the same way 
that planets orbit the Sun, stars inside the Sun’s orbit would overtake us faster than they 
are observed to do. 
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CAUTION Note that when we say that objects in different parts of 
the Galaxy orbit at the same speed, we do not mean that the Galaxy 
rotates like a solid disk. All parts of a rotating solid disk—a CD or 
DVD, for example—take the same time to complete one rotation. 
Because the outer part of the disk has to travel around a larger circle 
than the inner part, the speed (distance per time) is greater in the 
outer part (Figure 13-19£>). By contrast, the orbital speed of material 
in our Galaxy is roughly the same at all distances from the galactic 
center. 

The most familiar examples of orbital motion are the motions 
of the planets around the Sun. The farther a planet is from the Sun, 
the less gravitational force it experiences and the slower the speed 
it needs to have to remain in orbit. The 
same would be true for the orbits of stars 
and gas in the Galaxy if they were held in 
orbit by a single, massive object at the ga¬ 
lactic center (Figure 13-19c). Hence, the 21-cm observations of our 
Galaxy, which show that the speed does not decrease with increas¬ 
ing distance from the galactic center, demonstrate that there is no 
such single, massive object holding objects in their galactic orbits. 

Instead, what keeps a star in its orbit around the center of the 
Galaxy is the combined gravitational force exerted on it by all of 
the mass (including stars, gas, and dust) that lies within the star’s 
orbit. (It turns out that the gravitational force from matter outside 
a star’s orbit has little or no net effect on the star’s motion around 
the galactic center.) This gives us a tool for determining the Galaxy’s 
mass and how that mass is distributed. 

( ConceptCheck 13-8 ) Which would have a greater impact on 
changing the length of time it takes the Sun to orbit the galactic 
center—adding more stars to the galactic center or adding more stars 
to the galactic halo? 

Answer appears at the end of the chapter. 

The Sun's Orbital Motion and 
the Mass of the Galaxy 

An important example is the orbital motion of the Sun (and the rest 
of the solar system along with it) around the center of the Galaxy. 
If we know the semimajor axis and period of the Sun’s orbit, we 
can use Newton’s form of Kepler’s third law to determine the mass 
of that portion of the Galaxy that lies within the orbit. We saw 
earlier that the Sun is about 25,000 light-years from the galactic 
center; this is the semimajor axis of the Sun’s orbit. The orbit is in 
fact nearly circular, so we can regard 25,000 ly as the radius r of 
the orbit. In one complete trip around the Galaxy, the Sun travels 
a distance equal to the circumference of its orbit, which is 2nr. The 
time required for one orbit, or orbital period P, is equal to the dis¬ 
tance traveled divided by the Sun’s orbital speed v: 

Period of the Sun’s orbit around the galactic center 

2nr 

P = - 

v 

P = orbital period of the Sun 
r = distance from the Sun to the galactic center 
v = orbital speed of the Sun 


Gravity and orbits are 
covered in Section 3-6. 


Unfortunately, we cannot tell the Sun’s orbital speed from 
21-cm observations, since these reveal only how fast things are 
moving relative to the Sun. Instead, we need to measure how the 
Sun is moving relative to a background that is not rotating along 
with the rest of the Galaxy. Such a background is provided by dis¬ 
tant galaxies beyond the Milky Way and by the globular clusters. 
(Since globular clusters lie outside the plane of the Galaxy, they do 
not take part in the rotation of the disk.) By measuring the Doppler 
shifts of these objects and averaging their velocities, astronomers 
deduce that the Sun is moving along its orbit around the galactic 
center at about 220 km/s—about 790,000 kilometers per hour or 
490,000 miles per hour! 

Using this information, we find that the Sun’s orbital period is 

2n X 8000 pc 3.09 X 10 13 km 

P = -— X -= 7.1 X 10 15 s 

220 km/s 1 pc 

= 2.2 X 108 years 


Traveling at 790,000 kilometers per hour, it takes the Sun about 
220 million years to complete one trip around the Galaxy. (In the 
65 million years since the demise of the dinosaurs, our solar system 
has traveled less than a third of the way around its orbit.) The 
Galaxy is a very large place! 

( CalculationCheck 13^2~) Since it formed 4.5 billion years ago, 
how many trips around the Galaxy has the Sun made? 

Answer appears at the end of the chapter. 

Rotation Curves and the Mystery 
of Dark Matter 

In recent years, astronomers have been astonished to discover how 
much matter may lie outside the Sun’s orbit. The clues come from 
21-cm radiation emitted by hydrogen in spiral arms that extend to 
the outer reaches of the Galaxy. Because we know the true speed of 
the Sun, we can convert the Doppler shifts of this radiation into 
actual speeds for the spiral arms. This calculation gives us a rotation 
curve, a graph of the speed of galactic rotation measured outward 
from the galactic center (Figure 13-20). We would expect that for 
gas clouds beyond the confines of most of the Galaxy’s mass, the 
orbital speed should decrease with increasing distance from the 
Galaxy’s center, just as the orbital speeds of the planets decrease 
with increasing distance from the Sun (see Figure 13-19c). But as 
Figure 13-20 shows, the Galaxy’s rotation curve is quite flat, indicat¬ 
ing roughly uniform orbital speeds well beyond the visible edge of 
the galactic disk. 

To explain these nearly uniform orbital speeds in the outer 
parts of the Galaxy, astronomers conclude that a large amount of 
matter must lie outside the Sun’s orbit. When this matter is included, 
the total mass of our Galaxy could exceed 10 12 M Q or more, of 
which about 10% is in the form of stars. This implies that our 
Galaxy contains roughly 200 billion stars. 

These observations lead to a profound mystery. Stars, gas, and 
dust account for only about 10% of the Galaxy’s total mass. What, 
then, makes up the remaining 90% of the matter in our Galaxy? 
Whatever it is, it is dark. It does not show up on photographs, nor 
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Figure 13-20 

The Galaxy’s Rotation Curve The blue curve shows the orbital speeds of stars and gas in 
the disk of the Galaxy out to a distance of 18,000 parsecs from the galactic center. (Very 
few stars are found beyond this distance.) The dashed red curve indicates how this orbital 
speed should decline beyond the confines of most of the Galaxy’s visible mass. Because 
there is no such decline, there must be an abundance of invisible dark matter that extends 
to great distances from the galactic center. 


indeed in images made in any part of the electromagnetic spectrum. 
This unseen material, which is by far the predominant constituent 
of our Galaxy, is called dark matter. We sense its presence only 
through its gravitational influence on the orbits of stars and gas 
clouds. 

CAUTION Be careful not to confuse dark matter with dark nebulae. 
A dark nebula like the one in Figure 11-3 emits no visible light, but 
does radiate at longer wavelengths. By contrast, no electromagnetic 
radiation of any kind has yet been discovered coming from dark 
matter. 

Observations of star groupings outside the Milky Way suggest 
that our Galaxy’s dark matter forms a spherical halo centered on 
the galactic nucleus, like the halo of globular clusters and high- 
velocity stars shown in Figure 13-9. However, the dark matter halo 
is much larger; it may extend to a distance of 100-200 kpc 
(326,000-652,000 light-years) from the center of our Galaxy, some 
2 to 4 times the extent of the visible halo (Figure 13-21). Analysis 
of the rotation curve in Figure 13-20 shows that the density of the 
dark matter halo decreases with increasing distance from the center 
of the Galaxy. 

( ConceptCheck 13-9 ) How would the motion of stars at the 
edge of our Galaxy be different if there were no dark matter present? 

Answer appears at the end of the chapter. 



Figure 13-21 

The Galaxy and Its Dark Matter Halo The dark matter in our 
Galaxy forms a spherical halo whose center is at the center of the 
visible Galaxy. The extent of the dark matter halo is unknown, but 
its diameter is at least 100 kiloparsecs. The total mass of the dark 
matter halo is at least 10 times the combined mass of all of the stars, 
dust, gas, and planets in the Milky Way. 
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Dark Matter Speculations 

What is the nature of this mysterious dark matter? One proposal is 
that the dark matter halo is composed, at least in part, of dim ob¬ 
jects with masses less than 1 M Q . These objects, which could include 
brown dwarfs, white dwarfs, or black holes, are called massive 
compact halo objects, or MACHOs. Astronomers have searched for 
MACHOs by monitoring the light from distant stars. If a MACHO 
passes between us and the star, its gravity will bend the light coming 
from the star. As Figure 13-22 shows, the MACHO’s gravity acts 
like a lens that focuses the light from the star. 

Astronomers have indeed detected MACHOs in this way, but 
not nearly enough to completely solve the dark matter mystery. 
MACHOs with very low mass (10“ 6 to 0.1 M Q each) do not appear 
to be a significant part of the dark matter halo. MACHOs of roughly 
0.5 M q are more prevalent, but account for only about half of the 
dark matter halo. 

The remainder of the dark matter is thought to be much more 
exotic. One candidate is a neutrino with a small amount of mass. 
If these neutrinos are sufficiently massive, and if enough of them 
are present in the halo of the Galaxy, they might constitute a reason¬ 
able fraction of the dark matter. Perhaps surprisingly, one type of 
neutrino can transform into another. These transformations can 
take place only if neutrinos have a nonzero amount of mass. Thus, 
neutrinos must comprise at least part of the dark matter, though it 
is not known how much. 

Another speculative possibility is a new class of subatomic par¬ 
ticle called weakly interacting massive particles, or WIMPs. These 



(a) 

Figure 13-22 

Microlensing by Dark Matter in the Galactic Halo (a) If a dense object such as a 
brown dwarf or black hole passes between the Earth and a distant star, the gravitational 
curvature of space around the dense object deflects the starlight and focuses it in our 
direction. This effect is called microlensing. (b) This light curve shows the gravitational 


particles, whose existence is suggested by certain theories but has 
not yet been confirmed experimentally, would not emit or absorb 
electromagnetic radiation. Physicists are attempting to detect these 
curious particles, which would have masses 10 to 10,000 times 
greater than a proton or neutron, by using a large crystal cooled 
almost to absolute zero. If a WIMP should enter this crystal and 
collide with one of its atoms, the collision would deposit a tiny but 
measurable amount of heat in the crystal. 

As yet, the true nature of dark matter remains a mystery. Fur¬ 
thermore, this mystery is not confined to our own Galaxy. In the 
next chapter, we will find that other galaxies have the same sort of 
rotation curve as in Figure 13-20, indicating that they also contain 
vast amounts of dark matter. Indeed, dark matter appears to make 
up most of the mass in our universe. Hence, the quest to understand 
dark matter is one of the most important in modern astronomy. 

( ConceptCheck 13-10 ) Why are astronomers convinced that 
dark matter exists, even though it has not yet been confirmed? 

Answer appears at the end of the chapter. 

fjESfr Spiral arms are caused by density 

waves that sweep around our Galaxy 

The disk shape of our Galaxy is not difficult to understand. The 
flattening of spinning matter into a thin disk is what naturally hap¬ 
pens when a large number of objects are put into orbit around a 



microlensing of light from a star in the Galaxy’s central bulge. Astronomers do not 
know the nature of the object that passed between the Earth and this star to cause the 
microlensing. (Courtesy of the MACHO and GMAN Collaborations) 
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common center: Over time the objects tend naturally to orbit in the 
same plane. This is what happened when our solar system formed 

Formation of the solar fr ° m thes< l )lar ntha j*- There a cloud 
. . of material eventually organized itself into 

system is covered in planets , all of which orbit in near i y the 

Sect ion 4-5. _ same plane. In like fashion, the disk of our 

Galaxy, which is also made up of a large 
number of individual objects orbiting a common center, is very flat 
(see Figure 13-9). Understanding why our Galaxy has spiral arms 
presents more of a challenge. 

The Density-Wave Model 

One early explanation for the Galaxy’s spiral structure was that the 
material in the Galaxy somehow condensed into a spiral pattern 
from the very start. In this view, once stars, gas, and dust had be¬ 
come concentrated within the spiral arms, the pattern would remain 
fixed. This would be possible only if the Galaxy rotated like a solid 
disk (see Figure 13-1 9b); the fixed pattern would be like the spokes 
on a rotating bicycle wheel. But the reality is that the Galaxy is not 
a solid disk. As we have seen, stars, gas, and dust all orbit the ga¬ 
lactic center with approximately the same speed, as shown in Figure 
13-1 9 a. Let us see why this makes it impossible for a rigid spiral 
pattern to persist. 

Imagine four stars, A, B, C, and D, that originally lay on a line 
extending outward from the galactic center (Figure 13-23). In a 
given amount of time, each of the stars travels the same distance 
around its orbit. But because the innermost star has a smaller orbit 
than the others, it takes less time to complete one orbit. As a result, 
a line connecting the four stars is soon bent into a spiral (Figure 13- 
23b). Moreover, the spiral becomes tighter and tighter with the pas¬ 
sage of time (Figures 13-23c and 13-23 d). This “winding up” of the 


spiral arms causes the spiral structure to disappear completely after 
a few hundred million years—a very brief time compared to the age 
of our Galaxy, thought to be about 13.5 billion (1.35 X 10 10 ) years. 

Figure 13-23 suggests that the Milky Way’s spiral arms ought 
to have disappeared by now. The fact that they have not is puzzling. 
It shows that the spiral arms cannot simply be assemblages of stars 
and interstellar matter that travel around the Galaxy together, like 
a troop of soldiers marching in formation around a flagpole. In 
other words, the spiral arms cannot be made of anything material. 
What, then, can the spiral arms be? 

In the 1940s, the Swedish astronomer Bertil Lindblad proposed 
that the spiral arms of a galaxy are actually a pattern that moves 
through the galaxy like ripples on water. This idea was greatly en¬ 
hanced and embellished in the 1960s by the American astronomers 
Chia Chiao Lin and Frank Shu. In this picture, spiral arms are a 
kind of wave, like the waves that move across the surface of a pond 
when you toss a stone into the water. Water molecules pile up at a 
crest of the wave but spread out again when the crest passes. By 
analogy, Lindblad, Lin, and Shu pictured a pattern of density waves 
sweeping around the Galaxy. These waves make matter pile up in 
the spiral arms, which are the crests of the waves. Individual parts 
of the Galaxy’s material are compressed only temporarily when they 
pass through a spiral arm. The pattern of spiral arms persists, how¬ 
ever, just as the waves made by a stone dropped in the water can 
persist for quite a while after the stone has sunk. 

To understand better how a density wave operates in a galaxy, 
think again about a water wave in a pond. If one part of the pond 
is disturbed by dropping a stone into it, the molecules in that part 
will be displaced a bit. They will nudge the molecules next to them, 
causing those molecules to be displaced and to nudge the molecules 
beyond them. In this way the wave disturbance spreads throughout 
the pond. 





Figure 13-23 

The Winding Dilemma This series of drawings shows that spiral arms in galaxies like the Milky Way cannot simply be 
assemblages of stars. If they were, the spiral arms would “wind up” and disappear in just a few hundred million years. 
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1. A crew of painters moves 
slowly along the highway, 
creating a moving traffic jam. 



2. Cars enter the traffic jam from the right and 
exit to the left: While in the traffic jam, they are 
compressed together. 


Figure 13-24 

A Density Wave on the Highway A density wave in a spiral galaxy is analogous to a crew 
of painters moving slowly along the highway creating a moving traffic jam. Like such a 
traffic jam, a density wave in a spiral galaxy is a slow-moving region where stars, gas, and 


dust are more densely packed than in the rest of the galaxy. As the material of the galaxy 
passes through the density wave, it is compressed. This triggers star formation, as Figure 
13-25 shows. 


In a galaxy, stars play the role of water molecules. Although 
stars and interstellar clouds of gas and dust are separated by vast 
distances, they can nonetheless exert forces on each other because 
they are affected by each other’s gravity. If a region of above-average 
density should form, its gravitational attraction will draw nearby 
material into it. The displacement of this material will change the 
gravitational force that it exerts on other parts of the galaxy, causing 
additional displacements. In this way a spiral-shaped density wave 
can travel around the disk of a galaxy. 

ANALOGY A key feature of density waves is that they move more 
slowly around a galaxy than do stars or interstellar matter. To vi¬ 
sualize this, imagine workers painting a line down a busy freeway 
(Figure 13-24). The cars normally cruise along the freeway at high 
speed, but the crew of painters is moving much more slowly. When 
the cars come up on the painters, they must slow down temporarily 
to avoid hitting anyone. As seen from the air, cars are jammed to¬ 
gether around the painters. An individual car spends only a few 
moments in the traffic jam before resuming its usual speed, but the 
traffic jam itself lasts all day, inching its way along the road as the 
painters advance. 

A similar crowding takes place when interstellar matter enters 
a spiral arm. This crowding plays a key role in the formation of 
stars and the recycling of the interstellar medium. As interstellar gas 
and dust moves through a spiral arm, it is compressed into new 
nebulae (Figure 13-25). This compression begins the very important 
rebirthing process by which new stars form. 

These freshly formed stars continue to orbit around the center 
of their galaxy, just like the matter from which they formed. The 



V 




Figure 13-25 

Star Formation in the Density-Wave Model A spiral arm is a region where 
the density of material is higher than in the surrounding parts of a galaxy. Interstellar 
matter moves around the galactic center rapidly (shown by the red arrows) and is 
compressed as it passes through the slow-moving spiral arms (whose motion is shown by 
the blue arrows). This compression triggers star formation in the interstellar matter, so that 
new stars appear on the “downstream” side of the densest part of the spiral arms. 
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most luminous among these are the hot, massive, blue O and B stars, 
which may have emission nebulae (H II regions) associated with 
them. These stars have main-sequence lifetimes of only 3 million to 
15 million years, which is very short compared to the 220 million 
years required for the Sun to make a complete orbit around the 
Galaxy. 

As a result, these luminous O and B stars can travel only a rela¬ 
tively short distance before dying off. Therefore, these stars, and 
their associated H II regions, are only seen in or slightly “down¬ 
stream” of the spiral arm in which they formed. Figure 13-26 il¬ 
lustrates this for the spiral galaxy M51. Less massive stars have 
much longer main-sequence lifetimes, and thus their orbits are able 
to carry them all around the galactic disk. These less-luminous stars 
are found throughout the disk, including between the spiral arms 
(see Figure 13-17c). 


The densest part of this’spiral arm (indicated by the presence 
of dust, shown in red) has not yet moved past Star A... 



The densest part of this spiral arm (indicated by the presence 
of dust shown in red) has not yet moved past Star B... 


R I V U X G 

(a) An infrared view of M51 shows the locations of dust 

Figure 13-26 

Star Formation in the Whirlpool Galaxy The spiral galaxy M51 (called the Whirlpool) is 
a real-life example of the density-wave model illustrated in Figure 13-25. (a) This infrared 
image shows where dust has piled up as the material within M51 passes through its spiral 
arms. Radio images of M51 show that hydrogen gas also piles up in the same locations, 


The density-wave model of spiral arms explains why the disk 
of our Galaxy is dominated by metal-rich Population I stars. Be¬ 
cause the material left over from the death of ancient stars is rich 
in heavy elements, new generations of stars formed in spiral arms 
are likely to be more metal-rich than their ancestors. The Cosmic 
Connections: Stars in the Milky Way figure illustrates this cycle of 
star birth and death in the disk of our Galaxy. 

The density-wave model is still under development. One prob¬ 
lem is finding a driving mechanism that keeps density waves going in 
spiral galaxies. After all, density waves expend an enormous amount 
of energy to compress the interstellar gas and dust. Hence, we would 
expect that density waves should eventually die away, just as do 
ripples on a pond. The American astronomers Debra and Bruce 
Elmegreen have suggested that gravity can supply that needed en¬ 
ergy. As stated earlier, the central bulge of our Galaxy is elongated 


...but some of the recently formed bright blue stars 
in this spiral arm have already moved past Star A. 



...but some of the recently formed bright blue stars 
in this spiral arm have already moved past Star B. 


R I V U X G 

(b) A visible-light view of M51 shows the locations of young stars 

thus beginning the formation of new stars, (b) By the time stars complete their formation 
process, their motion around the galaxy has swept them “downstream” of the positions of 
greatest dust density, as depicted in Figure 13-25. (a: NASA, JPL-Caltech, and R. Kennicutt 
[Univ. of Arizona]; b: DSS) 






(COSMIC CONNECTIONS) stars in the Milky Way 



Different populations of stars are found in different neighborhoods of our home 
galaxy. (The galaxy shown here is another spiral galaxy similar to our own.) The 
variations from one galactic region to another are due to the presence or 
absence of ongoing star formation. 

, - -iy 
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2. Dark dust'lanes indicate 
where spiral density waves 
cause material to pile up as 
it orbits the galactic center. 
Gas is compressed as it 
passes through these . 
regions, triggering the 
formation of new stars. 


3. Hot, blue, massive 0 and B stars begin*their formation > 


in the dark dust lanes, then appear fully formed some 
distance “downstream” of the dust lanes. These stars 
have short main-sequence lifetimes, so they die out 
before they travel too far around the disk from their 
birthplace. 


7. Also orbiting the Galaxy are the 
globular clusters. These star clusters 
have no mechanism to trigger star 
formation, so they contain only very 
old, metal-poor Population II stars. 
Studies of these clusters suggest 
that the first stars formed in them 
about 13.6 billion years ago — a mere 
100 million years after the Big Bang. 


& ■ Orbital i 


8. Not visible to any telescope is the 
Galaxy's dark matter, which emits no 
electromagnetic radiation of any kind. 
The spherical halo of dark matter that 
envelops our Galaxy has at least 10 
times the combined mass of all of the 
Galaxy's stars, planets, gas, and dust. 
Its fundamental nature remains a 
mystery. 


1. All the stars, gas clouds, and 
dust particles within the disk 
orbit around the center of the 
Galaxy. They are held in orbit 
by the combined gravita¬ 
tional effects of the other 
parts of the Galaxy. 


The density waves do not penetrate to the 
center of the Galaxy, so new stars are not 
presently forming there. The blue 0 and B stars 
have long since died out, so the bulge has a 
yellowish color: It contains both old Population I 
stars and even older Population II stars 
(metal-poor stars from the first generation of 
stars to form in the Galaxy). 


' 4. Most of the stars produced in. 
the dust lanes are relatively * 
. faint, with 1 solar mass or less. ■ 
These long-lived stars complete 
many round trips around the 
£ Galaxy during a main-sequence 
lifetime. (Our Sun has made 
more than 20 round trips in the 
, 4.56 billion years since it 
formed.) 


6 . 


As a star in the disk evolves, it 
produces metals. Much of a 
star’s metal-enriched material is 
returned to the interstellar 
medium when itdies. When this 
material is next compressed by a 
density wave, it is incorporated 
into a new generation of stars. 
Thus the disk contains many * 
metal-rich stars of Population I. 
Our Sun is one example. 


RIVUXG 


RIVUXG 


(Image of spiral galaxy Ml 01: NASA and ESA; 
image of globular cluster M3: S. Kafka and K. 
Honeycutt, Indiana University/WIYN/NOAO/NSF) 
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(a) Grand-design spiral galaxy 


Figure 13-27 RIVUXG 

Variety in Spiral Arms The differences from one spiral galaxy to another suggest that more 
than one process can create spiral arms, (a) NGC 628 is a grand-design spiral galaxy with thin, 



(b) Flocculent spiral galaxy 


well-defined spiral arms, (b) NGC 4414 is a flocculent spiral galaxy with fuzzy, poorly defined 
spiral arms. (Courtesy of Gemini Observatory; Olivier Vallejo) 


into a bar shape, much like the central bulge of the galaxy M83 (see 
Figure 13-17 and Figure 13-18<z). The asymmetric gravitational field 
of such a bar pulls on the stars and interstellar matter of a galaxy to 
generate density waves. Another factor that may help to generate 
and sustain spiral arms is the gravitational interactions between gal¬ 
axies, which we will discuss more deeply in the next chapter. 

ConceptCheck 13-11 ) If the Galaxy were not experiencing 
density waves, what shape would it have? 

Answer appears at the end of the chapter. 

The Self-Propagating Star-Formation Model 

Spiral density waves may not be the whole story behind spiral arms 
in our Galaxy and other galaxies. The reason is that spiral density 
waves should produce very well-defined spiral arms. We do indeed 
see many so-called grand-design spiral galaxies (Figure 13-2 7a), 
with thin, graceful, and well-defined spiral arms. But in some galax¬ 
ies, called flocculent spiral galaxies (Figure 13-2 7b), the spiral arms 
are broad, fuzzy, chaotic, and poorly defined. (“Flocculent” means 
“resembling wool.”) 

To explain such flocculent spirals, M. W. Mueller and W. David 
Arnett in 1976 proposed an alternate theory that arms are a natural 
result of star formation. Imagine that star formation begins in a 
dense interstellar cloud within the disk of a galaxy that does not yet 
have spiral arms. As soon as hot, massive stars form, their radiation 
and stellar winds compress nearby matter, triggering the formation 
of additional stars in that gas. When massive stars become superno¬ 
vae, they produce shock waves that further compress the surround¬ 
ing interstellar medium, thus encouraging still more star formation. 

Although all parts of this broad, star-forming region have ap¬ 
proximately the same orbital speed about the galaxy’s center, the 


inner regions have a shorter distance to travel to complete one 
orbit than the outer regions. As a result, the inner edges of the star¬ 
forming region move ahead of the outer edges as the galaxy rotates. 
The bright O and B stars and their nearby glowing nebulae soon 
become stretched out in the form of a spiral arm. These spiral arms 
come and go essentially at random across a galaxy. Bits and pieces 
of spiral arms appear where star formation has recently begun but 
fade and disappear at other locations where all the massive stars 
have died off. This particular genre of star formation therefore tends 
to produce flocculent spiral galaxies that have a chaotic appearance 
with poorly defined spiral arms, like the galaxy in Figure 13-2 7b. 

The two theories presented here are very different in character. 
In the density-wave model, star formation is caused by the spiral 
arms; in the other approach, by contrast, the spiral arms are instead 
simply caused by star formation. A complete and correct description 
of spiral arms in our Galaxy remains a topic of active research. 

( ConceptCheck 13-12 If astronomers learned that the earliest 
galaxies in the universe were flocculent spiral galaxies, what would 
this suggest about which came first: stars or spiral arms? 

Answer appears at the end of the chapter. 

( jfcgr» Infrared and radio observations are 
used to probe the galactic nucleus 

The innermost region of our Galaxy is an active, crowded place. If 
you lived on a planet near the galactic center, you would see a million 
stars as bright as Sirius, the brightest single star in our own night sky. 
The total intensity of starlight from all those nearby stars would 
be equivalent to 200 of our full moons. In effect, night would never 
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CHAPTER 13 


really fall on a planet near the center of the Milky Way. At the center 
of this empire of light, however, lies the darkest of all objects in the 
universe—a black hole millions of times more massive than the Sun. 

Sagittarius A*: Heart of Darkness 

Because of the severe interstellar dust interference blocking visual 
wavelengths, most of our information about the galactic center 
comes from infrared and radio observations. Figure 13-28 shows 
three infrared views of the center of our Galaxy. Figure 13-28^ is 
a wide-angle view covering a 50° segment of the Milky Way from 
Sagittarius through Scorpius. (The photograph that opens this 
chapter shows this same region at visible wavelengths, viewed at 
a different angle.) The prominent reddish band through the center 
of this false-color infrared image is a layer of dust in the plane of 
the Galaxy. Figure 13-28 b is an infrared view of the galactic center. 
It is surrounded by numerous streamers of dust (shown in blue). 
The strongest infrared emission (shown in white) comes from a 
grouping of several powerful sources of radio waves. One of these 
sources, Sagittarius A* (say “A star”), lies at the very center of the 
Galaxy. (Its position, pinpointed with simultaneous observations 
by radio telescopes scattered around the world, seems to be very 
near the gravitational center of the Galaxy.) The high-resolution 
infrared view in Figure 13-28 c shows hundreds of stars crowded 
within 1 ly (0.3 pc) of Sagittarius A*. Compare this to our region 
of the Galaxy, where the average distance between stars is more 
than a light-year. 

Sagittarius A* itself does not appear in infrared images. None¬ 
theless, astronomers have used infrared observations to make truly 


startling discoveries about this object. Since the 1990s, two re¬ 
search groups—one headed by Reinhard Genzel of the Max-Planck- 
Institute for Extraterrestrial Physics in Garching, Germany, and 
another led by Andrea Ghez at the University of California, Los 
Angeles—have been using infrared detectors to monitor the motions 
of stars in the immediate vicinity of Sagittarius A*. They have found 
a number of stars orbiting around Sagittarius A* at speeds in excess 
of 1500 km/s (Figure 13-29). (By comparison, the Earth orbits the 
Sun at a lackadaisical 30 km/s.) In 2000 the UCLA group observed 
one such star, called SO-16, as its elliptical orbit brought it within a 
mere 45 AU from Sagittarius A* (lVi times the distance from the 
Sun to Neptune). At its closest approach, SO-16 was traveling at a 
breathtaking speed of 12,000 km/s, or 4% of the speed of light! 

In order to keep stars like SO-16 in such small, rapid orbits, 
Sagittarius A* must exert a powerful gravitational force and hence 
must be very massive. By applying Newton’s form of Kepler’s third 
law to the motions of these stars around Sagittarius A*, the UCLA 
group calculates the mass of Sagittarius A* to be a remarkable 3.7 
million solar masses (3.7 X 10 6 M Q ). Lurthermore, the small separa¬ 
tion between SO-16 and Sagittarius A* at closest approach shows 
that Sagittarius A* can be no more than 45 AU in radius. An object 
this massive and this compact can only be one thing: a supermassive 
black hole. 

fConceptCheck 13-13~^ ) How would stars around Sagittarius A* 
be moving if a supermassive black hole were not found at the galactic 
center? 

Answer appears at the end of the chapter. 



(a) A wide-angle (50) (b) A close-up view shows a more (c) An extreme close-up view centered on Sagittarius A*, 

infrared view luminous region at the galactic a radio source at the very center of the Milky Way 

center Galaxy, shows hundreds of stars within 1 ly (0.3 pc) 


Figure 13-28 RIVUXG 

The Galactic Center (a) In this false-color infrared image, the reddish band is dust 
in the plane of the Galaxy and the fainter bluish blobs are interstellar clouds heated 
by young 0 and B stars, (b) This close-up infrared view covers the area outlined by 


the white rectangle in (a), (c) Adaptive optics reveals stars densely packed around the 
galactic center, (a, b: NASA; c: R. Schodel et ai, MPE/ESO) 
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Figure 13-29 RIVUXG 

Stars Orbiting Sagittarius A* The colored dots superimposed on this infrared 
image show the motion of six stars in the vicinity of the unseen massive object (denoted 
by the yellow five-pointed star) at the position of the radio source Sagittarius A*. The 
orbits were measured over an 8-year period. This plot indicates that the stars are held in 
orbit by a black hole of 3.7 X 10 6 solar masses. (UCLA Galactic Center group) 


X-rays from Around a 
Supermassive Black Hole 


Evidence in favor of this picture comes from the Chandra 
$ X-ray Observatory, which has observed X-ray flares com- 
ing from Sagittarius A*. The flares brighten dramatically 
over the space of just 10 minutes, which shows that the size of the 
flare’s source can be no larger than the distance that light travels in 
10 minutes. In 10 minutes light travels a distance of 1.8 X 10 8 km 
or 1.2 AU, and only a black hole could pack a mass of 3.7 X 10 6 
M q into a volume that size or smaller. The X-ray flares were presum¬ 
ably emitted by blobs of material that were compressed and heated 
as they fell into the black hole. 

The X-ray flares from Sagittarius A* are relatively feeble, which 
suggests that the supermassive black hole is swallowing only rela¬ 
tively small amounts of material. But the region around Sagittarius 
A* is nonetheless an active and dynamic place. Figure 13-30# is a 
wide-angle radio image of the galactic center covering an area more 
than 60 pc (200 ly) across. Huge filaments of gas stretch for 20 pc 
(65 ly) northward of the galactic center (to the right and upward 
in Figure 13-30#), then abruptly arch southward (down and to the 
left in the figure). The orderly arrangement of these filaments is 
reminiscent of prominences on the Sun. This suggests that, as on 
the Sun, there is ionized gas at the galactic center that is being con¬ 
trolled by a powerful magnetic field. Indeed, much of the radio 
emission from the galactic center is radiation produced by high- 
energy electrons spiraling in a magnetic field. 

The false-color X-ray image in Figure 13-30b shows the imme¬ 
diate vicinity of Sagittarius A*. The black hole is flanked by lobes of 



Figure 13-30 

The Energetic Center of the Galaxy (a) The area shown in this radio image has the 
same angular size as the full moon. Sagittarius A*, at the very center of the Galaxy is 
one of the brightest radio sources in the sky. Magnetic fields shape nearby interstellar 
gas into immense, graceful arches, (b) This composite of images at X-ray wavelengths 


from 0.16 to 0.62 nm shows lobes of gas on either side of Sagittarius A*. The character 
of the X-ray emission shows that the gas temperature is as high as 2 X 10 7 K. (a: NRAO/ 
VLA/F. Zadeh et al; b: NASA/CXC/MIT/F. K. Baganoffet al.) 










